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PREFACE 



Sessile plants must rapidly respond to drastic environmental changes to sur- 
vive and must timely adjust their growth and developmental behaviors in 
response to daily and seasonal environmental changes. Consequently most 
differentiated plant cells are totipotent, and plants have flexible developmen- 
tal programs that are highly adaptable to the environment. An intriguing and 
important question in our understanding of plant developmental program 
and responses to the environment is what kinds of strategies and mechanisms 
plant cells use for the transmission and the integration of various develop- 
mental and environmental signals. In recent years, we have witnessed an 
exponential increase in our knowledge of plant intracellular signaling mech- 
anisms, pathways, and networks that plants utilize to monitor and process 
a specific extracellular signal and to modulate a given process. This rapid 
knowledge growth has been clearly aided by genetic and genomic approaches 
in model plant systems such as Arabidopsis. Many critical signaling compo- 
nents and pathways have been identified based on genetic mutations that 
affect a specific plant process. The availability of new biochemical, molec- 
ular, cell biological, and proteomic tools have also undoubtedly fueled our 
advancement in elucidating signaling mechanisms in plants. 

The picture of intracellular signaling in plants that has emerged from these 
dramatic advances is such that plants use signaling mechanisms and networks 
that integrate ancient and universal intracellular signals and signaling mech- 
anisms with their own inventions in essentially every plant signaling path- 
way/network known to date. Examples of conserved signaling mechanisms 
include the prokaryotic two-component regulatory systems, receptor and 
nonreceptor serine / threonine kinases, calcium, heterotrimeric G proteins, 
Rho family guanosinetriphosphatases (GTPases), and mitogen-activated pro- 
tein kinase cascades, phospholipids, the cytoskeleton, and the ubiquitin- 
based protein turnover machinery. Many plant pioneer signaling components 
have also been uncovered, such as novel interactors of heterotrimeric G pro- 
teins and Rho GTPases, calcium-dependent protein kinases, and novel scaf- 
folding proteins. The goal of this volume is to provide an in-depth discussion 
on many of these conserved and novel signaling mechanisms and to provide 
a few examples of how these conserved and novel signaling mechanisms are 
constructed into a signaling network that modulates a specific plant process. 
Obviously this volume is unable to cover several important topics in plant 
signaling either due to space limitation or due to significant coverage of these 
topics in other volumes. For example, the two-component systems have been 
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discussed in the volume on plant hormones, and photoreceptors on the pho- 
tomorphogenesis volume. 

Despite the tremendous progress in recent years, many important ques- 
tions and challenges remain in the field of plant intracellular signaling. It is 
likely that many new signaling components and mechanisms have yet to be 
unraveled. The roles of most plant "pioneer" proteins in signaling are un- 
known. The picture for many signaling pathways is still incomplete, and we 
are missing the knowledge of the nature and the mechanism of perception 
for many signals. For example, the vast majority of >400 receptor-like kinases 
have no known functions and corresponding ligands. The understanding of 
signaling networks and cross talks between signaling pathways/networks 
are just starting. Clearly, the conventional approaches such as genetics and 
biochemistry will continue to be valuable and -omics will also start to pay 
their dues. However, we are also in need of elucidating signaling networks 
at the systems level by using mathematical and computational approaches. 
It is my hope that this volume would provide a catalyst for propelling our 
understanding of plant intracellular signaling to the next level. 

Zhenbiao Yang 
Riverside 
California 
USA 
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Plate 1 Exogenous applications of synthetic CLV3 peptides trigger differentiation of the SAM. 
Shown are the Arabidopsis SAM (arrowheads) with mock treatment (a), treated with synthetic CLV3L 
peptide (b), CLV3S peptide (c), and mature CLV3 peptide (MCLV3) (d). The treatment of CLV3L, 
which contains the entire CLE motif as well as MCLV3, results in consumption of the SAM, a 
phenotype resembling that of wuschel mutant (b, d). (e) Amino acid sequence of each peptide. 
(Photographs courtesy of Dr Shinichiro Sawa. Modified from Kondo et al. (2006). Copyright, AAAS.) 
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Plate 2 G-protein-coupled signaling in animals. G-protein-coupled receptors (GPCRs) interact with a 
heterotrimeric G-protein complex, composed of Ga, Gfj, and G-y subunits. In the heterotrimer, Ga is 
bound to GDP. Activation of GPCRs through ligand occupancy favors guanine-nucleotide exchange 
factor (GEF) activity of the GPCR and consequently Ga becomes loaded with GTP and dissociates into 
a free Ga subunit and a free Gfiy dimer. Each of these, in turn, interacts with enzymes (effectors) to 
alter the amount of secondary messengers produced and/or the movement of ions across the plasma 
membrane. These interactions can be either positive or negative as depicted by the two types of 
arrows. The Ga subunit has an intrinsic GTPase that can be accelerated by regulator of G-protein 
signaling (RGS) proteins. RGS proteins, which have GTPase accelerating protein (GAP) activity, can 
also block interactions between Ga and its effectors. The Ga subunit and G0-y dimer can also be 
modified. Ga in its GDP form while free from the heterotrimer can be bound by guanine dissociation 
inhibitors (GDI) to prevent reassociation into the heterotrimer. This effectively blocks recycling and 
prolongs signaling output through the G0-y dimer. Phosducin can bind the Gp-y dimer and thus block 
its signaling, preventing reassociation into the heterotrimer, and potentially prolonging signaling 
output from the activated G$y. At the level of the receptor, modification occurs to desensitize 
signaling and/or facilitate signaling. For some GPCRs, ligand occupancy induces internalization, thus 
removing receptors from further activation by extracellular signals. Internalization can also be a 
mechanism for signal propagation because some internalized receptors will recruit other signaling 
elements such as mitogen activated protein kinases (MAPK) of the MAPK cascade. 
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Plate 3 Heterotrimeric G-protein signaling in plants. Shown are heterotrimeric G-protein 
components identified in Arabidopsis and proteins demonstrated to physically interact with them. Ga 
is encoded by the single gene CPAI . G(J is encoded by the single gene AGB1 . Gy is encoded by two 
genes, AGGI and AGG2. Both GCR1 and AtRGSI are seven-transmembrane (7TM) proteins and are 
directly coupled by Ga, but no ligand has been identified for either GCR1 or AtRGSI . AtRGSI 
contains an RGS box at its C-terminus, which can accelerate the intrinsic GTPase activity of Ga. 
PLDal is one of the isoforms of phospholipase D. AtPirinl is a member of the cupin protein 
superfamily. PD1 is a cytosolic prephenate dehydratase. THF1 is a plastid protein localized to both the 
outer plastid membrane and the stroma, and does not share significant sequence with any known 
protein. PLDal, AtPirinl, PD1, and THF1 have been shown to physically interact with Ga. Double 
arrows indicate known physical interactions. Blunted arrows indicate an inhibitory effect on Ga 
presumably through GAP (GTPase accelerating protein) activity. 




Plate 4 A model of how AtRGSI and the G-protein complex modulate cell division in the root. AtRGSI 
is represented by the 7TM domain protein containing an RGS box in its C-terminal domain. AtRGSI 
may be a receptor GAP or GEF and the ligand has been suggested to be D-glucose. Shown here is 
one possibility consistent with D-glucose's positive effect on root growth. In this scenario, D-glucose 
inhibits the GAP activity of AtRGSI, thus shifting Ga to its GTP-bound form. However, it is also 
possible that a ligand may induce GEF activity or promote GAP activity. Regardless, the heterotrimer 
attenuates cell proliferation in the root apical meristem while the Ga-GTP promotes it. In the 
pericycle, Gp-y attenuates cell division, possibly by blocking reentry into the cell cycle. 
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Plate 5 Conserved structures of ROP GTPases, RopGDI, RopGAP, and RopGEF.(a) ROP GTPases 
contain five conserved domains G1-G5. G2 is the effector-binding domain, and the other four are 
guanine nucleotide-binding domains. C-terminal hypervariable region (HVR) is highly diverse among 
ROP members. The Rho insert in ROP GTPases is shorter than that in other members of the Rho 
family. The CAAX motif at the end of C-terminus is involved in membrane targeting through lipid 
modification, (b) RopGDIs contain four domains that are highly conserved within all GDIs. Gray bars 
indicate regions that likely bind to ROP GTPases. (c) RopGAPs have a conserved GAP domain and the 
arginine finger within the GAP domain. Proximal to the upstream of the GAP domain, there is a 
CDC42/RAC-interactive binding (CRIB) domain, which is specific to RopGAPs. The CRIB motif and the 
GAP domain are jointed by an src homology domain 3 (SH3)-binding motif. The N- and C-terminal 
regions are highly variable, which could play a role in the regulation of RopGAPs and their functional 
specificity, (d) RopGEFs belong to a plant-specific RhoGEF family. Members of RopGEFs contain a 
central PRONE domain that is responsible for GEF activity. N- and C-terminal regions are highly 
variable and are proposed to regulate the GEF activity. 
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Plate 6 Model for ROP GTPase regulation and function. ROP is targeted to the PM through lipid 
modification and the HVR domain. Auxin regulates the positioning of ROP in the membrane through 
an unknown mechanism. GDI association makes ROP sequestered in the cytosol. Unknown 
extracellular signals may activate RopGEF via RLK to activate ROP. RopGAPs deactivate ROPs by 
accelerating the intrinsic GTPase activity of ROPs. ROP relays signals to different downstream targets 
that influence the organization of F-actin and MT and accumulation of second messengers such as 
H 2 0 2 and Ca 2+ . These downstream signaling events regulate the establishment of polarity, polar cell 
growth, and defense and hormone responses. F-actin provides a positive feedback mechanism to 
promote ROP activity, whereas Ca 2+ and MTs may negatively feedback-regulate ROP activity. H2O2 
inhibits ROP activation by activating the expression of RopGAPs. 
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Plate 7 A schematic presentation of calcium decoding in the signal transduction process. Signals 
are perceived by specific receptors that trigger early responses including calcium fluctuations 
(signature/code) and other events. Calcium signatures are recognized and decoded by the calcium 
sensors and their targets followed by biochemical/cellular responses that constitute specific 
physiological responses in plants. 
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Plate 8 Activation of CaMK by calcium and calmodulin. The basal state of CaMK is not accessible 
by the substrate due to block by autoinhibitory domain. Calcium binding to CaM changed the 
conformation of CaM and triggered interaction between CaM and the autoinhibitory domain of 
CaMK, releasing the kinase active site for substrate access. 
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Plate 9 Domain structures of animal CaMK, plant CDPK, and related kinases. The regulatory 
regions of different kinases contain various domains including the autoinhibitory (crimson), 
calcium-binding EF hands (blue), and diverged EF hand-like structures (purple). 
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Plate 10 Activation of CDPK by calcium signal. The autoinhibitory domain block the kinase active 
site under basal conditions. Upon calcium elevation, the CaM-like domain binds calcium and alters its 
conformation leading to interaction with the junction domain between the CaM-like domain and the 
autoinhibitory domain. Such interaction releases the block of the kinase active site by autoinhibitory 
domain allowing substrate access. 
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Plate 1 1 Structural analysis of Apo-CaM, Ca 2+ -CaM, and the Ca 2+ -CaM — target complex. 
Strand-rod presentation of Apo-CaM (a) and Ca 2+ -CaM (b) showing substantial changes upon Ca 2+ 
binding. Part (c) shows a solution structure solved by NMR of peptide-bound Ca 2+ -CaM. Peptide 
binding causes disruption of the flexible tether, bringing the globular domains closer to form a 
channel around the peptide. The majority of contacts between Ca 2+ -CaM and target peptide are 
nonspecific van der Waals bonds made by residues in the hydrophobic surfaces. Brackets indicate 
globular domains. 
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Plate 12 A schematic model of the Ca 2+ -dependent pathway for low-K response in Arabidopsis. 
Low-K condition triggers the increased level of ROS that induces calcium fluctuations. Calcium 
binding to CBL1 or CBL9 activates the calcium sensor and leads to CBL-CIPK23 complex formation 
and activation of CIPK23. CIPK23 physically interacts with AKT1 C-terminus, phosphorylates it and 
activates the channel resulting in K uptake into the cell. 




Plate 13 Localization of ROS-scavenging pathways in plant cells. A transmission electron 
micrograph of a portion of a plant cell is used to demonstrate the relative volume of the different 
cellular compartments and their physical separation (middle, left panel). The water-water cycle and 
alternative oxidase (AOX) reduces the production of ROS in thylakoids (top, left panel; in some plants 
FeSOD may replace CuZnSOD). ROS that escape the thylakoid and/or are produced in the stroma 
undergo detoxification by superoxide dismutase (SOD) and the stromal ascorbate glutathione cycle. 
Peroxiredoxin (PrxR) and glutathione peroxidase (GPX) are also involved in ROS removal in the 
stroma (top right panel). ROS produced in peroxisomes during photorespiration, fatty acid oxidation, 
or other reactions are decomposed by SOD, catalase (CAT), and ascorbate peroxidase (APX) (middle, 
right panel). SOD and different components of the ascorbate glutathione cycle are also present in 
mitochondria. In addition, AOX is shown to prevent oxidative damage in mitochondria (bottom, right 
panel). In principle, the cytosol contains the same set of enzymes found in the stroma (bottom, left 
panel). However, these are encoded by a different set of genes and the major iron chelating activity in 
the cytosol responsible for preventing the formation of HO* radicals is unknown. The enzymatic 
components responsible for ROS detoxification in the apoplast and cell wall (W) are only partially 
known and the ROS-scavenging pathways at the vacuole (V) are unknown. Additional abbreviations: 
DHA, dehydroascrobate; DHAR, DHA reductase; FD, ferredoxin; FNR, ferredoxin NADPH reductase; 
GLR, glutaredoxin; CR, glutathione reductase; CSH and GSSC, reduced and oxidized glutathione, 
respectively; IM, inner membrane; IMS, IM space; MDA, monodehydroascorbate; MDAR, MDA 
reductase; PSI and PSII, photosystem I and II, respectively; tyl, thylakoid; Trx, thioredoxin. 
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Plate 14 A hypothetical model for the ROS (Oj and Hj 0 2 ) signal transduction pathway of plants. 
ROS are shown to be sensed by receptors, redox-sensitive transcriptional regulators, or by inhibition 
of phosphatases. ROS signaling is shown to be mediated by Ca 2+ , protein phosphorylation, and 
G-proteins, and to involve negative (i.e., ROS scavenging), or positive (i.e., Rboh-NADPH oxidase) 
amplification loops. See text for more details. 
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Plate 1 5 The PCI complexes, (a) The proteasome core particle (CP) is capped on both sides by the 
regulatory particle (RP), which can be further divided in to the lid and the base subparticles (left 
panel). The right panel shows a section through the proteasome where the ct-subunits' N-terminal 
extensions serve as a gate that controls traffic in and out the CP. The p subunits possess the protease 
activity, (b) The COP9 signalosome (CSN) has eight subunits. The arrangement and stoichiometry are 
not accurate, (c) Arabidopsis elF3 has 1 1 subunits. The arrangement and stochiometry are not 
accurate. 




Plate 16 Overview on the UPS. (a) The ubiquitylation cascade: Ubiquitin is first covalently attached 
to the El activating enzyme in an ATP-dependent manner, then transferred and covalently attached 
to an E2 conjugating enzyme, and from there directly to the substrate (in the case of RING E3, down 
arrow) or to the E3 (in the case of HECT, upper arrow). In both cases the E3 defines substrate specify 
and ubiquitin is finally attached to the substrate, (b) The degradation process: Following ubiquitylation, 
the substrate is recognized by the 26S proteasome lid. The substrate is deubiquitylated, un-folded, the 
a-subunits' N-terminal extensions are opened and the substrate enters the CP where it is degraded, 
(c) Cullin-based £3 ligase regulation: The active E3 contains a Cullin modified by Rubl . After E3 activity, 
the CSN removes the Rubl . In the case of SCF E3, this leads to the dissociation of Skpl and the F-box 
proteins, and the association of CAND1 . The Rubl cascade restores Rubl on Cullin, which leads to 
the dissociation of CAND1 and reassociation of Skpl with a new F-box protein, and E3 activity. 
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Plate 1 7 Overall structures of the E3 ubiquitin ligase family. The four main E3 families are shown: 
HECT (homology to E6-AP C terminus), APC (Anaphase-Promoting Complex), and single- and 
multi-subunit RING (Really Interesting New Gene) ligases. See text for details. 
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Plate 18 Model for COP! function, (a) Under light conditions, COP1 is located in the cytoplasm 
and transcription factors such as HY5 and LAF1 are located in nucleus, active in transcription of light 
induced genes, (b and c) Under dark conditions, COP1 is translocated to the nucleus in a 
CSN-dependent manner (b) where it is active as E3 ubiquitin ligase toward proteins such as HY5, 
LAF1, and PhyA (c). Following ubiquitin chain assembly these proteins are degraded by the 
proteasome and light-induced gene transcription is ceased (c). 
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Plate 19 Confocal micrographs of plastids and stromules in norflurazon grown SCOI ::GFP 
Arabidopsis seedlings. Confocal image is shown of plastid-tagged GFP (green) and DAPI staining of 
nuclei and plasma membrane (blue) in root cells (a and b), and hypocotyl cells (c and d). 
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Plate 20 Accumulation of tetrapyrroles visualized using laser-scanning confocal microscopy of 
norflurazon treated, ALA fed SCOI ::GFP Arabidopsis seedlings. Emission is shown for the cotyledons. 
Representative images were retrieved at 507-537 nm and 585-61 5 nm for specific emission of GFP 
(c and d) and Mg-ProtoIX (b and d) respectively. Bars = 50 \xm. 
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Plate 21 Involvement of the NACK1/NPK1 complex in plant cytokinesis, (a) Co-localization of 
NPK1 and NACK1 at the equator of the phragmoplast. BY-2 cells expressing CFP-NPK1 (green) were 
double-stained with rabbit antibodies against NACK1 (red) and 4/,6-diamidino-2-phenylindole (DAPI) 
for nuclei (blue), (b) Generation of multinucleate cells with incomplete cell plates upon expression of 
a kinase-defective NPK1 (NPK1 :KW; left). Control BY-2 cells are shown in the right panel. Cells were 
stained with calcofluor (blue; cell wall) and propidium iodide (red; nucleus). Arrowheads, incomplete 
cell plates; N, nucleus. Bars = 20 urn. 
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Plate 22 Subcellular localization of NtMAP65-1 (left) and NtMAP65-1 phosphorylated on Thr-579 
(right) at anaphase and telophase in BY-2 cells. BY-2 cells were triple-stained with mouse antibodies 
against a-tubulin (green), rabbit antibodies against NtMAP65-1 or NtMAP65-1 phosphorylated on 
Thr-579 (red), and DAPI (blue). 
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TRANSMEMBRANE RECEPTORS 
IN PLANTS: RECEPTOR KINASES 
AND THEIR LIGANDS 
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Abstract: Receptor-like kinases (RLKs) represent by far the largest family of 
cell surface receptors in plants. They mediate cell-cell signals regulating self- 
incompatibility, innate immunity, and a wide variety of developmental processes. 
The genetic dissection of paralogous RLKs illuminated their intricate redundancy, 
synergism, and antagonism. The nature of corresponding ligands for RLKs has been 
largely elusive. However, recent efforts using genetics, biochemistry, genome-wide 
functional genomics, and bioinformatics led to the discovery of small, secreted pep- 
tides and cysteine-rich secreted proteins as candidate ligands for RLKs. Studies of 
brassinosteroid signaling and innate immunity to bacterial flagellin peptide re- 
vealed a striking resemblance of the mechanism of plant RK activation to that of 
animal transforming growth factor (3 receptors. 

Keywords: receptor kinases (receptor-like kinases); peptide ligands; brassfnos- 
teroids; pathogen-associated molecular patterns (PAMPs); leucine-rich repeats 
(LRRs); receptor endocycles 



1.1 Introduction 



As a sessile organism, a plant is equipped with mechanisms that detect its 
neighboring environment to adjust its developmental programs as well as 
to cope with numerous environmental challenges. It is therefore not sur- 
prising that plants possess a large number of genes predicted to encode cell 
surface receptors, transmembrane receptor kinases (RKs) and their variants, 
which are predicted to mediate cell-cell signaling. In addition, multiple two- 
component sensor histidine kinases, including members of the ethylene recep- 
tors and cytokinin receptors, and a small number of G-protein-coupled seven 
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transmembrane receptors (GPCRs) are found in plants (Urao et ah, 2000; Jones 
and Assmann, 2004). The presence of a wide variety of membrane receptors 
highlights the intricacy of plant cell signaling. 

A canonical transmembrane receptor kinase gene possesses a signal pep- 
tide, an extracytoplasmic ectodomain, a single-membrane-spanning region, 
and a C-terminal protein kinase domain. The paradigm of receptor-kinase 
signal transduction is that ligand binding to the extracellular domain triggers 
dimerization and activation of receptors, leading to intracellular signaling 
cascades via protein phosphorylation. Plant RKs comprise a monophyletic 
group related to animal RKs (Shiu and Bleecker, 2001a,b). Almost all plant 
RKs phosphorylate serine /threonine residues. Given that the vast majority of 
plant RKs remains as orphan receptors (i.e., their corresponding ligands are 
unknown), they are collectively called "receptor-like kinases (RLKs)." This 
chapter summarizes recent discoveries about intricate redundancy among 
RKs, identities of ligands for RKs, biological functions of ligand-RK pairs, 
and emerging mechanisms of receptor activation. 



1.2 Classifications of the RLK superfamily 

The RLK superfamily is classified into three major groups depending on 
the presence or absence of the receptor domain and the kinase domain. As 
described above, canonical RLKs possess both a receptor and a kinase do- 
main. Those that lack the cytoplasmic kinase domain are collectively named 
"receptor-like proteins (RLPs)." Alternatively, kinases with no apparent sig- 
nal peptides, those that lack extracellular domain, or those that lack both 
extracellular and transmembrane domains are collectively named "receptor- 
like cytoplasmic kinases (RLCKs)." Genetic and biochemical evidence suggest 
that RLKs, RLPs, and RLCKs may function at close molecular proximity to 
control signal transduction. 

The RLKs are further divided into 17 subgroups based on the structural 
features of the predicted extracellular domain (Shiu and Bleecker, 2001a,b, 
2003). Their brief descriptions are as follows. 

1.2.1 Leucine-rich repeats (LRRs) 

LRR-RLKs comprise by far the largest class of plant RLKs, with over two 
hundred members in Arabidopsis. LRRs are tandem repeats of approximately 
24 amino acids with conserved leucine residues. The LRR motif is found 
in proteins with diverse functions in many organisms and is implicated in 
protein-protein interactions (Kobe and Deisenhofer, 1994). Several LRR- 
RLKs have been shown to regulate development, including ERECTA (ER: 
organ shape and plant growth), CLAVATA1 (CLV1: shoot meristem 
maintenance), EXCESS MICROSPOROCYTE/ EXTRA SPOROGE- 
NOUS CELLS (EMS1/EXS: anther development), tomato LePRKl,2 
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(pollen tube elongation), BRASSINOSTEROID INSENSITIVE 1 (BRI1: 
brassinosteroid-mediated growth and development), BRI1-ASSOCIATED 
KINASE/SOMATIC EMBRYOGENESIS RECEPTOR KINASE (BAK/RK: 
brassinosteroid signaling /embryogenesis / microspore development), and 
tissue patterning, including ERECTA-LIKE 1 (ERL1) and ERL2 (stomatal 
patterning), SCRAMBLED /SUTRUBBELIG (SUB/SCM: ovule development 
and root epidermal patterning) (Torii et al, 1996; Clark et al, 1997; Li and 
Chory, 1997; Schmidt et al, 1997; Canales et al, 2002; Li et al, 2002; Nam and 
Li, 2002; Zhao et al, 2002; Chevalier et al, 2005; Kwak et al, 2005; Shpak et al, 
2005). 

Other LRR-RLKs have been shown to mediate innate immunity and defense 
response. Those include Xa21 (resistant to Xanthomonas oryzae pv. oryzae), 
FLAGELLIN INSENSITIVE 2 (FLS2: innate immunity response to bacterial 
flagellin peptides), and PEP1R (defense response to endogenous elicitor pep- 
tide PEP1) (Song et al, 1995; Gomez-Gomez and Boiler, 2000; Yamaguchi 
et al, 2006). 

Interestingly, LRR-LRPs lacking the cytoplasmic kinase domain have also 
been shown to regulate both development and defense response. Those devel- 
opmental regulators include CLV2 (shoot meristem maintenance) and TOO 
MANY MOUTHS (TMM: stomatal patterning), and those regulating defense 
responses include the tomato Cf9, Cf4, and Cf2 (race-specific resistance to 
Cladosporium fulvum) (Jones et al, 1994; Thomas et al, 1997; Jeong et al, 1999; 
Nadeau and Sack, 2002). These LRR-RLPs may act in concert with partner 
LRR-RLKs. 

1.2.2 S-domain 

S-RLKs possess an extracellular S-domain, originally identified from S- 
glycoprotein (Nasrallah et al, 1988). The S-domain consists of 12 conserved 
cysteine residues (10 of which are absolutely conserved) in a consensus 
CX5CX 5 CX 7 CXCX„CX 7 CX„CX3CX3CXCX„C. In addition, the S-domain pos- 
sesses the PTDT box, which has a conserved WQSFDXPTDT<J)L sequence 
(X = nonconserved amino acid; •J' = aliphatic amino acid) (Walker, 1994). The 
S-RLKs are the female determinants for sporophytic self-incompatibility. In 
the Brassica self -incompatibility system, self -derived pollen will be recognized 
at the surface of stigma and its germination will be prevented (Nasrallah, 
2005; Takayama and Isogai, 2005). Biochemically, S-RLK is a receptor for the 
pollen-derived ligand SCR/SP11 (Schopfer et al, 1999; Takayama et al, 2000; 
Kachroo et al, 2001). Interestingly, the self -compatible plant species Arabidop- 
sis possesses numerous (~40) S-RLK genes, some of which are expressed in 
vegetative tissues. They include ARK1, ARK2, ARK3, RLK1, and RLK4 from 
Arabidopsis (Tobias et al, 1992; Walker, 1993). The presence of S-RLKs in self- 
compatible species implies their possible roles outside the self-incompatible 
response. Consistently, an S-RLK of Brassica oleracea, SFR2, may be involved 
in plant defense response signaling (Pastuglia et al, 1997). 
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1.2.3 Others 

There are many other RLKs with extracellular motifs distinct from the above 
two classes. Those include a tumor-necrosis factor receptor-like repeat motif, 
the epidermal growth factor-like repeat motif, the pathogenesis-related pro- 
tein 5-like motif, and lectin-like motif (Becraft et ah, 1996; Harve et ah, 1996; 
He et ah, 1996; Wang et ah, 1996; Shiu and Bleecker, 2001a). The structural 
diversity in extracellular receptor domains perhaps reflects their functional 
diversity. This chapter features LRR-RLKs and S-RLKs because of their im- 
portance in plant development and defense response, as well as of the wealth 
of knowledge about their ligands, modes of action, and signal transduction 
pathways. 



1.3 Redundancy and antagonism among closely 
related RLKs 

The completion of the Arabidopsis genome sequencing project accelerated 
efforts toward elucidating the biological functions of RLKs via reverse ge- 
netics. It has become routine to isolate T-DNA insertion lines of closely re- 
lated RLK family members to uncover their collective function as a family. 
Such an approach is especially powerful when a single RLK gene knock- 
out fails to confer a dramatic, visible phenotype. Collectively, several studies 
have revealed both conservation and uniqueness in closely related RLK par- 
alogs arisen from gene duplication events. This highlights immense com- 
plexities in RLK signal transduction, given that these paralogous RLKs 
most likely perceive the same ligand molecules. Here, some examples are 
described. 

1.3.1 Unequal Redundancy 

1.3.1.1 ERECTA-family RLKs: synergistic interactions 

The Arabidopsis accession Landsberg erecta (her) carries a mutation in the 
ERECTA locus, which confers a compact inflorescence with short internodes, 
short pedicels, and short, blunt siliques (Torii et ah, 1996). ERECTA encodes 
an LRR-RLK and its promoter is highly active in the SAM and organ pri- 
mordia (Torii et ah, 1996; Yokoyama et ah, 1998). ERECTA has two closely 
related paralogs, ERL1 and ERL2. The three ERECTA-family RLKs show syn- 
ergistic interactions in regulating aboveground organ growth (Shpak et ah, 
2004). While the erecta single loss-of -function mutation confers compact in- 
florescence, single and double loss-of-function mutations of other members 
display no growth phenotype. However, erll and erl2 mutations enhance the 
growth defects of erecta in a unique manner, and erecta erll erhl triple knockout 
plants displayed severe dwarfism due to reduced cell proliferation and abnor- 
mal floral patterning. The unequal contributions of the three ERECTA-family 
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genes may be largely accounted for by their expression patterns rather than 
their functions as RLKs, given that both ERL1 and ERL2 are capable of rescu- 
ing erecta mutant phenotypes when driven by the native ERECTA promoter 
(Shpak et ah, 2004). Consistently the ERECTA-family genes display intricate 
overlapping expression patterns during organ primordia growth. Successive 
loss of gene dosage revealed that ERL2 is haplo-insufficient for ovule develop- 
ment and female fertility in the absence of ERECTA and ERL1, while ERECTA 
and ERL1 are haplo-sufficient in the absence of other two members (Pillitteri 
et ah, 2007). Therefore, ERL2 possesses the most minor role in promoting cell 
division and organ growth. 

The dispensable roles of ERLs (especially ERL2) during organ growth lead 
to a question: how and why were these duplicated RLK genes maintained 
throughout the course of evolution? Briggs et al. (2005) proposes a hypothe- 
sis that the additional, specialized functions of ERLs in controlling stomatal 
differentiation may have allowed their retention (Shpak et ah, 2005; Briggs 
et al, 2006). 

1.3.1.2 BRI1 and its paralogs: specialized expression domains 

Brassinosteroids (BRs) are growth-promoting steroid hormones in plants, and 
loss of their biosynthesis results in severely dwarfed plants and male steril- 
ity (Bishop and Koncz, 2002). BRI1 was identified as a cell surface receptor 
for BR, and bril loss-of-function mutations result in severely dwarfed plants 
indistinguishable from BR-biosynthetic mutants (Li and Chory 1997). BRI1 
encodes an LRR-RK with a 70-amino acid island domain intercepting the 
tandem repeats of LRRs (Li and Chory, 1997). BRI1 belongs to a family of 
four closely related LRR-RLKs: BRI1, BRI1-LIKE 1 (BRL1), BRL2, and BRL3 
(Cano-Delgado et al, 2004). Unlike BRI1, brl mutations did not confer growth 
defects. Both BRL1 and BRL3, but not BRL2, bind BRs. Consistently, both 
BRL1 and BRL3, but not BRL2, rescued bril mutant phenotype when driven 
by the native BRI1 promoter (Cano-Delgado et ah, 2004). These findings place 
BRL1 and BRL3 as redundant BR receptors. 

Why do BRL1 and BRL3 have such a minor role in plant growth? Unlike 
ERECTA-family RLKs, BRIl-family RLKs appear to have adopted special- 
ized expression patterns. While BRI1 is ubiquitously expressed, BRL1 and 
BRL3 show highly specialized expression within a subset of vascular tissues 
(Cano-Delgado et ah, 2004). The bril mutant plants indeed displayed vascu- 
lar defects: increase in phloem tissues and concomitant decrease in xylem 
tissue, supporting the previous findings that BR stimulates xylem differen- 
tiation (Yamamoto et al, 1997, 2001). Interestingly, BRL2, which does not 
bind BR, has been previously described as a gene regulating vascular cell- 
type differentiation, VH1 (Clay and Nelson, 2002). It would be fascinating to 
address whether BRL2/VH1 is capable of binding sterols or other steroid- 
related molecules known to control plant growth and development (Jang 
et ah, 2000). 
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1.3.2 Redundancy 

Simple redundancy, in which single mutations in given gene pairs fail to 
confer a visible phenotype, is commonly observed among closely related 
RLKs. A good example is SERK1 and SERK2 LRR-RLKs redundantly in 
the control of microspore development. Both SERK1 and SERK2 homo- 
and heterodimerize in plant protoplast, suggesting that both RLKs partici- 
pate in receptor complex formation (Albrecht et al, 2005; Colcombet et al, 

2005) . In addition, two paralogous LRR-RLKs, PRK1 and TOAD2, were 
currently shown to redundantly regulate embryo patterning in Arabidopsis 
(Nodine et al, 2007). Both PRK1 and TOAD2 show overlapping expression 
patterns in the developing embryo, though PRK1 turns on at earlier stage. 
The rpkl toadl double loss-of -function mutant (precisely, a fraction of proge- 
nies from rpkl toad2/+) fails to establish the protoderm at the early globular 
stage and results in a fluffy embryo with subprotodermal identity (Nodine 
et al, 2007). 

1.3.3 Antagonism among RLKs 

1.3.3.1 CLV1 and its two paralogs: antagonistic actions of LRR-RLKs? 

Genetic studies have shown that three CLV loci, CLV1, CLV2, and CLV3, act 
in a linear pathway to restrict undifferentiated stem cell populations within 
the shoot apical meristem (SAM), and the loss of function of each CLV gene 
confers SAM enlargement (Clark et al, 1993, 1995; Kayes and Clark, 1998). The 
molecular identities of the three CLV gene products support the notion that 
they form a ligand-receptor complex: CLV1 is an LRR-RLK, CLV2 is an LRR- 
RLP without the cytoplasmic kinase domain, and CLV3 is a secreted peptide 
(Clark et al, 1997; Fletcher et al, 1999; Jeong et al, 1999). A series of elegant 
genetic experiments revealed that the CLV signaling pathway along with 
a positive regulator of stem cells, WUSCHEL, constitutes a feedback loop, 
which maintains a stable population of stem cells within the SAM (Brand 
et al, 2000; Schoof et al, 2000). 

There are three CLV1 paralogs in the Arabidopsis genome: BARELY ANY 
MERISTEM 1 (BAM1), BAM2, and BAM3. As opposed to CLV1, which neg- 
atively regulates the SAM, these three CLV1 paralogs are required for main- 
tenance of the SAM, since baml baml bam3 triple loss-of-function mutation 
results in small plants with dramatically reduced SAM size (De Young et al, 

2006) . Therefore, the three BAMs act antagonistically to CLV1. The mecha- 
nism for this antagonism is unclear: While CLV1 and BAMs have opposite 
function, the ectopic expression of CLV1 and the BAMs in the entire shoot apex 
driven by the ERECTA promoter rescued bam and clvl defects, respectively. 
This reciprocal complementation implies that all four LRR-RLKs are capable 
of perceiving the same ligand molecules and triggering signal transduction. 
Perhaps CLV1 and the three BAM LRR-RLKs modulate the proliferation and 
differentiation of the SAM via competing for the ligands and / or receptor 
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partners. Consistent with this hypothesis, BAMs are expressed in organ pri- 
mordia, while CLV1 is restricted within the inner central domain of the SAM 
(Clark and Schiefelbein, 1997; DeYoung et al, 2006). 

1.4 Ligands for RLKs 

The presence of the plant cell walls prohibits direct contact of two transmem- 
brane molecules in adjacent cells. Therefore, direct association of transmem- 
brane ligands and corresponding receptors, such as Delta and Notch associa- 
tion, which control various patterning events in animals, will not likely occur 
in plants, and plant ligands need to be small, diffusible molecules. Despite the 
fact that plants possess numerous RLK multigene family members (~610 in 
total in Arabidopsis), the nature of their corresponding ligands remains poorly 
understood (Matsubayashi et al, 2001; Shiu and Bleecker, 2001a; Torii, 2004). 
Three factors should be taken into account regarding the apparent discrepancy 
in the numbers of RLKs versus corresponding ligands: origin, size, and diver- 
sity. First, in regards to origin, ligands for plant RLKs may not be encoded by 
the plant genome. For example, pathogen-origin pathogen-associated molec- 
ular patterns (PAMPs) are recognized by plant RLKs to trigger defense re- 
sponse (Nurnberger et al, 2004). 

Second, the small size of peptide-ligand genes, as compared to the RLKs, 
puts significant biases against the prediction of open-reading frames (ORFs) 
by bioinformatics, and consequently, many ligand genes may have escaped 
from gene annotation. Third, a further complication arises from the pos- 
sibility that many ligand molecules may not be peptides, and are not di- 
rectly encoded by ORFs. BR, a well-known example is a steroid hormone, 
and other molecules, such as oligosaccharides, may act as ligands for RLKs 
as well. 

To overcome the hurdle of small size, several approaches have been taken 
to uncover peptide ligand-like genes and further to identify their biological 
functions. For example, Olsen etal. (2002) performed bioinf ormatic analysis of 
previously annotated small secreted peptide genes and identified a potential, 
large Arabidopsis family of peptides closely related to tobacco rapid alkaliza- 
tion factors (RALF) (Pearce etal, 2001). More recently, Lease and Walker (2006) 
developed algorithms to extract ligand-like features: ORFs encoding peptides 
and small proteins between 25 and 250 amino acids in length, the presence of 
an N-terminal signal peptide, the absence of transmembrane domains, and 
the absence of the ER retention sequence. Their analysis identified over 30,000 
previously unannotated putative ORFs, which constitutes the Arabidopsis 
Unannotated Secreted Peptide Database (http://peptidome.missouri.edu). 
Among them approximately 1000 predicted ORFs satisfied the following 
categories: (1) they are expressed; (2) they comprise gene families; (3) they 
have homologs in rice. Through the database, Lease and Walker (2006) iden- 
tified 12 additional RALF-like genes (Lease and Walker, 2006). Similarly, 
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through bioinformatics, Silverstein et al. (2007) identified in silico ~13,000 
plant genes encoding small, cysteine-rich peptides, including RALF-like pep- 
tides and defensins (Silverstein et al., 2007). One-third of the genes iden- 
tified were previously unannotated, although over half of the genes were 
expressed. 

The in silico predictions of putative ligand genes provide the basis for sys- 
tematic identification of their biological functions via functional genomics. 
For example, systematic overexpression of >100 small secreted ORFs in 
Arabidopsis led to the identification of EPIDERMAL PATTERNING FAC- 
TOR 1 (EPFl), a gene controlling stomatal patterning (Hara et al, 2007). 
Thus, functional-genomic approach, together with continued efforts in for- 
ward and reverse genetics, holds promise for advancing our knowledge of 
the small peptide world in plants. Some of the ligand molecules for plant 
RLKs with demonstrated biological functions are summarized in the fol- 
lowing sections. See Table 1.1 for ligand-receptor pairs and their biologi- 
cal functions, and see Table 1.2 for the amino acid sequence of the ligand 
molecules. 



Table 1.1 Receptor kinase-ligand pairs 



Receptor-like 


Ligands 




kinases (RLKs) 


("candidates) 


Biological function 


BRI1 (LRR-RLK X)° 


Brassinolide (BR) 


BR plant growth 


BRL1 






BRL3 






SRI 60 (LeBRII) 


Systemin*/BR 


Defense signaling/plant growth 


CLV1 (LRR-RLK XI) 


MCLV3 


Meristem development 


BAM1 






BAM 2 






BAM 3 






CLV2 (LRR-RLP) 






PSKR (LRR-RLK X) 


PSK 


Cellular dedifferentiation 

Cell division in suspension culture 


FLS2 (LRR-RLK XII) 


flg22 


Defense signaling 


EFR (LRR-RLK XII) 


elf18 




PEPR1 (LRR-RLK XI) 


AtPepI 


Defense signaling 


EMS1/EXS1 (LRR-RLK X) 


TPD1 * 


Microsporogenesis 


HAESA (LRR-RLK XI) 


IDA* 


Organ shedding/senescence 


TMM (LRR-RLP) 


EPFl* 


Stomatal patterning 


ERECTA (LRR-RLK XIII) 




Stomatal patterning/plant growth 


ERL1 






ERL2 






Cf9 (LRR-RLP) 


Avr9* 


Defense signaling 


Cf4 


Avr4* 


Defense signaling 


LePRKI (LRR-RLK) 


Lat52/LeSTC1* 


Pollen tube growth 


LePRK2 






SRK (S-RLK) 


SCR/SP1 1 


Self-incompatibility 



° Classification based on Shiu and Bleecker (2001 b). 
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Table 1.2 Amino acid sequence of peptide ligands 



Peptide ligands 



Sequence 



Peptides 

Systemin 

MCLV3 

PSK 

flg22 

elfl8 

AtPepI 

Cysteine-patch proteins 
EPF1 



Avr9 
LeSTCI 



SCR/SP1 1 



Others' 3 
TPD1° 



IDA 0 



AVQSKPPSKRDPPKMQTD 
RTVP h SGP h DPLHH 

Y (S0 3 H)| Y (S0 3 H)JQ 

QRLSSTCSRINSAKDDAACLQIA 

ac-SKEKFERTKPHVNVGTIC 

ATKVKAKQRCKEKVSSCRPCQHN 

MKSLLLLAFFLSFFFGSLLA RHLPTSSHPSHHHVC 

MTCALKRQRRRPDTVQVAGSRLPDCSHACGSCSPC 

RLVMVSFVCASVEEAETCPMAYKCMCNNKSYPVP 

YCNSSCTRAFDCLGQCGRCDFHKLQCVH 

MDFIILLIAILALSSTPITIIS GSVTNHTYSTTNS 
YTNVALSARKWFPPPRQLGKDNSDDDDLICKTCK 
RLSEHRTCCFNYFCVDLFTNRFNCGSCGLVCIVGT 
RCCGGICVDIKKDNGNCGKCNNVCSPGQNCSFGLC VSA 

MRYATSIYTFLTNIHYLCFIFLILTYVQA LDVG 

AWKCPEGIAYPSPISGRCFNSRSTECKKHYEVE 

GHNVTNCRCDTYSMQNPARITCYCCKVKS 

MNRRRLLVSATLLSYLLYGMAL VSVEASGGEKLRD 

NLDLTKTTTSSPSISHRKMLLLSPGTGKTERSVEP 

ERIGEKCKSTDIWNQAVTEPMPNGIPGYMVEITN 

QCMSGCIISRIHINCGWFSSAKLINPRVFKRIHYD 

D CLVNNG KPLPFGSTLSFHYANTFPYHLSVAFVTCA 

MAPCRTMMVLLCFVLFLAASSSCVAA ARIGATMEM 
KKNIKRLTFKNSHIFGYLPKGVPIPPSAPSKRHNS FVNSLPH 



" Mature forms unknown. 

b Mature forms unknown, may be small peptides. Underline, predicted signal peptide (SignalP 3.0); 
thick underline, conserved motif among closely related gene products; boldface, cysteines. 



1.5 Small peptides 



Many of the known signaling ligands are highly processed small peptides. 
These peptides may be modified by processes such as sulfonation, hydroxy- 
lation, and acetylation. 

1.5.1 CLE family 

CLV3 and maize ESR (embryo surrounding region) proteins are founder 
members of the CLE (CLV3/ESR) family of peptide signaling molecules 
(Opsahl-Ferstad et al, 1997; Fletcher et al, 1999). CLV3 regulates stem cell 
population size within the SAM, and it acts as a ligand for CLV1 /CLV2 LRR- 
RLK/LRR-RLP receptor heterodimers (Fletcher et al, 1999; Brand et al, 2000). 
The maize ESR proteins are proposed to act as a signal between the endosperm 
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and the embryo during early maize development. CLV3 and ESR encode small 
precursor proteins with an N-terminal signal peptide, sharing a highly con- 
served 14-amino acid CLE motif at the C-terminus (Cock and McCormick, 
2001). The Arabidopsis genome contains at least 31 CLE genes, of which 24 
are expressed in various tissues (Cock and McCormick, 2001; Sharma et ah, 
2003). Interestingly, the amino acid sequence of CLE proteins outside the 
C-terminal CLE motif is highly divergent, suggesting that the short CLE mo- 
tif carries biological activities. Several researchers have performed deletion 
analysis as well as synthetic peptide application to address this hypothesis 
(Fiers et al, 2006; Kondo et al, 2006; Ni and Clark, 2006). For instance, Kondo 
et al. (2006) tested the biological activities of various synthetic CLV3 peptides. 
The direct application of the CLV3 peptide covering the CLE motif (CLV3L) 
to a shoot apex resulted in SAM differentiation, while deletion of a single 
arginine residue within the CLE motif abolished its activity (Fig. 1.1, Color 
plate 1). The mature form of the CLV3 peptide, MCLV3, was determined by in 
situ mass spectrometry (MALDI-TOF-MS) analysis using Arabidopsis callus 
tissues overexpressing CLV3 (Kondo et al., 2006). MCLV3 is a dodeca pep- 
tide with two hyrdoxyproline residues (RTVP h SGP h DPLHH) (Fig. 1.1 (Color 
plate 1), Table 1.2), and is capable of terminating undifferentiated stem cell 
population when applied directly (Fig. 1.1, Color plate 1). Hydroxylation is 
not required for CLV3 function as a ligand; rather it affects stability of the 
peptide. 

The large number of CLE genes in Arabidopsis and other plant species sug- 
gests that they act as ligands for additional LRR-RLKs regulating multiple 
developmental processes in plants. Consistent with this hypothesis, applica- 
tion of several CLE peptides triggered differentiation of the root meristem 
(Casamitjana-Martinez et al, 2003; Fiers et al, 2005). Furthermore, a CLE pep- 
tide was identified as a factor inhibiting xylem differentiation in Zinnia (TDIF: 
treachery element differentiation inhibitory factor) (Ito et al., 2006). 

Finally, the study of CLE peptides has revealed the fascinating possibility 
that a parasitic organism may have acquired a CLE gene (the gene HgSYV46 
from parasitic soybean nematode Heterodera glycines) during the course of 
evolution to modulate cell division and differentiation of a host plant (Wang 
et al., 2005b). Further understanding of CLE peptides may therefore unravel 
exciting insight into development, evolution, and host-pathogen interaction. 

1.5.2 PSK (phytosulfokine) 

The peptide growth factor PSK is secreted into culture media and pro- 
motes cell proliferation of the cultured cells. The mature PSK is a sulfonated 
pentapeptide y( S03H >IY< S03H 'TQ (Table 1.2). The cloned rice PSK gene (Os- 
PSK) ORF is 276 bp, encoding an 89-amino acid precursor with an N-terminal 
signal sequence (Yang et al., 1999) . A C-terminal amino acid sequence (residues 
80-84) corresponds to the mature PSK peptide. 

PSK genes are found in asparagus, carrot, rice, Zinnia, and Arabidopsis, sug- 
gesting that PSK may act as a "universal" growth hormone in a wide variety 
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of plant species (Yang et ah, 1999). There are five PSK genes in Arabidopsis, all 
of which possess the 100% identical PSK domain (MTDYIYTQ) with rice PSK 
(Yang et ah, 2001; Matsubayashi et ah, 2006). Outside this domain, PSKs among 
Arabidopsis and rice display very limited sequence similarity. The divergent, 
N-terminal regions of PSKs may reflect functional significance, such as tar- 
get cleavage sites for distinct proteolytic enzymes or stability of precursor 
proteins. 

The corresponding receptor for PSK was the first RLK identified via bio- 
chemical purification (Matsubayashi et ah, 2002). Using ligand-based affinity 
purification from microsomal fractions of carrot culture cells, Matsubayashi 
et ah purified a 120-kDa protein that specifically binds PSK. The protein has 
characteristic features of an LPvR-RLK, with a 36-amino acid island domain 
intercepting LRR18 (Matsubayashi et ah, 2002). The Arabidopsis PSKR was also 
shown to bind PSK (Matsubayashi et ah, 2006). Somewhat surprisingly, the 
promoter activity of both AtPSK and AtPSKR is highest in mature leaves, sug- 
gesting that while PSK promotes cell proliferation in cell cultures, it likely pos- 
sesses different function in plants (Matsubayashi et ah, 2006). Consistently, the 
loss of function of AtPSKR showed no defects in plant growth, but accelerated 
senescence. Conversely, AtPSKR overexpression conferred plants with in- 
creased longevity. On the basis of the expression patterns and the phenotype of 
mutants and overexpressors, Matsubayashi et ah proposed that PSK mediates 
signal transduction promoting cellular longevity (Matsubayashi et ah, 2006). 

1.5.3 Flagellin peptides and other PAMPs 

PAMPs are molecular signatures of pathogens that are recognized by the re- 
ceptors of host plants eliciting innate immune response (Nurnberger et ah, 
2004). Known PAMPs are derived from essential structural component of 
pathogens, such as fungal cell wall fragments and bacterial flagellin frag- 
ments (Gomez-Gomez and Boiler, 2002). Using a simple bioassay (e.g., rapid 
alkalization assay of plant cell cultures), several peptide fragments have been 
identified as PAMPs. These include N-terminal fragment of bacterial flag- 
ellin (flg22: QRLSSTGSRINSAKDDAAGLQIA) (Felix et ah, 1999) as well as an 
acetylated 18-amino acid peptide from the N-terminus of elongation factor Tu 
(elf 18: ac-SKEKFERTKPHVNVGTIG) (Table 1.2) (Kunze etah, 2004). A recep- 
tor for flg22, FLS2 (FLAGELLIN INSENSITIVE 2), was identified from genetic 
screen for Arabidopsis mutants insensitive to flg22 (Gomez-Gomez and Boiler, 
2000). The elf 18 receptor EFR was isolated through genome-wide expression 
profiling for genes rapidly induced by PAMPs (Zipfel et ah, 2006). Strikingly, 
FLS2 and EFR are closely related LRR-RKs, implying that the plant LRR-RLKs 
underwent duplication and specification to allow detection of diverse PAMPs. 

1.5.4 Endogenous elicitors 

In addition to the PAMPs, plants recognize their own peptide and oligosaccha- 
ride fragments as indicators of pathogen attack and trigger innate immunity. 
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Among such elicitors, tomato systemin induces plant wound response 
(McGurl et al., 1992). Systemin is the first peptide hormone discovered in 
plants. The mature systemin peptide is 18-amino acid long and is pro- 
cessed from the C-terminus of a 200-amino acid precursor called prosystemin 
(McGurl et al., 1992). Similar to the PAMPs, addition of synthetic systemin to 
culture media induces rapid extracellular alkalization. Interestingly prosys- 
temin does not possess an N-terminal signal peptide. Therefore, the mecha- 
nism of its secretion remains unclear. 

The corresponding receptor of systemin was identified biochemically us- 
ing photoaffinity-labeled systemin (Scheer and Ryan, 2002). Strikingly, the 
purified systemin receptor SRI 60 turned out to be an LRR-RLK orthologous 
to the BR receptor BRI1. The finding suggests the intriguing possibility that 
in Solanaceae, BRI1 may have acquired additional function as a systemin 
receptor. The molecular nature of the dual function of SRI 60 is unclear. It 
appears that BR and systemin bind to different domains of SR160 /LeBRIl, as 
systemin does not compete for the BR binding (Scheer and Ryan, 2002). Re- 
cently, genetic studies revealed that the tomato bril mutant curl3 (cuS) exhibits 
normal response to systemin-induced wound signaling, while it is defective 
in BR response (Holton et ah, 2007). This leaves the biological relevance of 
SR160/LeBRIl ambiguous. 

AtPepl, an endogenous elicitor in Arabidopsis, was identified from Ara- 
bidopsis leaf extracts for its ability to cause rapid extracellular alkalization of 
cell cultures. The mature form of AtPepl is a 23-amino acid peptide derived 
from the C-terminus of a 92-amino acid precursor protein, whose expression 
is upregulated by wounding or various stress hormones (Table 1.2) (Huffaker 
et al., 2006). The corresponding AtPepl receptor (PEPR1) was subsequently 
identified via biochemical purification using radiolabeled AtPepl peptide 
(Yamaguchi et al, 2006). PEPR1 is an LRR-RK with 26 extracellular LRRs, 
further emphasizing the central roles for LRR-RLKs in innate immunity re- 
sponse. A phylogenetic analysis by Ryan et al. (2007) revealed the presence of 
a closely related paralog of PEPR1 and PEPR2 (Ryan et al, 2007). It would be 
interesting to address the biological function of PEPR2. 

1.6 Cysteine-rich extracellular proteins 

Several of known RLK ligands are cysteine-rich extracellular proteins. They 
appear to form a stable structure via intramolecular disulfide bonds. Con- 
sistently, bacterially produced recombinant cysteine-rich proteins have been 
shown to have biological activity. 

1.6.1 LAT52 and LeSTGI 

Both LAT52 and LeSTGI were isolated as a candidate ligand molecule for the 
petunia LRR-RK LePRK2 by a yeast two-hybrid screen using the extracellular 
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domain of LePRK2 as bait (Tang et al, 2002, 2004) (Tables 1.1 and 1.2). Both 
LAT52 and LeSTGl encode cysteine-rich proteins that are predicted to be 
secreted, glycosylated, and have a mature size of 16 and 13 kDa, respec- 
tively (Muschietti et al, 1994; Tang et al, 2004). While LAT52 is pollen-specific, 
LeSTGl is expressed in stigmatic tissues in the pistils where pollen tube elon- 
gation occurs. In vitro binding assays revealed that LeSTGl is capable of 
displacing LAT52 for binding to the ectodomain of LePRK2. On the basis 
of expression patterns and biochemical analyses, Tang et al. (2004) proposed 
a hypothesis that LePRK2 associates with LAT52 in nongerminated pollen 
grains, and when pollen grains land on stigma, LePRK2 changes its partner 
to LeSTGl to promote pollen tube growth. Consistent with this hypothesis, 
the recombinant LeSTGl protein promoted pollen tube growth in vitro when 
applied to the culture media (Tang et al, 2004). 

1 .6.2 Avr4 and Avr9 

Tomato disease-resistant proteins Cf9 and Cf4 confer race-specific resistance 
to the fungal pathogen C. fulvum that express the Avr9 and Avr4 genes, re- 
spectively (Jones and Jones, 1997). Fungal-produced Avr9 and Avr4 are small, 
secreted proteins, and both contain a patch of cysteine residues, which may 
participate in the formation of a stable tertiary structure via disulfide bonds 
(Table 1.2). In fact, X H NMR analysis revealed that the Avr9 peptide forms a 
compact structure containing three antiparallel (3-sheets connected by three 
disulfide bridges (Vervoort et al, 1997). Other than the cysteine patch, Avr9 
and Avr4 display no similarity in primary sequence and differ significantly 
in size. The mature Avr9 and Avr4 proteins possess 28 and 86 amino acids, 
respectively (Van den Ackerveken et al, 1992; Joosten et al, 1997; Jones and 
Jones, 1997). This is rather surprising given that the extracellular domain of 
Cf9 and Cf4 share >90% amino acid sequence identity. 

1.6.3 SCR/SP1 1 

SCR (S-locus cysteine-rich proteins), also known as SP11 (S-protein 11), was 
identified as a small ORF within the S-locus (Schopfer et al, 1999; Takayama 
et al, 2000). The SCR/SP11 protein possesses patches of eight cysteines at con- 
served positions (Table 1.2). The spacer regions are highly divergent, consis- 
tent with its role as signaling ligand for self -incompatibility. The tertiary struc- 
ture of SCR/SP11 from Sg, allele has been resolved by NMR crystallography 
(Mishima et al, 2003). SCR/SP11 possesses an a/(3 sandwich structure stabi- 
lized with intramolecular disulfide bonds. Therefore, SCR/SP11 most likely 
exists as a stable secreted protein (as opposed to being processed into a small 
peptide). Consistent with this, a bacterial-produced recombinant SCR/SP11 
is biologically active to trigger self -incompatible response (Kachroo et al, 
2001). 
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1.6.4 EPF1 (EPIDERMAL PATTERNING FACTOR 1) 

EPF1 was identified through genome-wide overexpression studies for small, 
secreted proteins (Hara et ah, 2007). The constitutive overexpression of EPF1 
(CaMV35S::EPFl) conferred an epidermis solely composed of pavement cells, 
lacking any stomata. Conversely, epfl loss-of-function mutations disrupt 
proper stomatal patterning, with occasional stomatal clustering (Hara et ah, 
2007). EPF1 encodes a putative secretory protein with patches of eight cys- 
teines (Table 1.2). Although EPF1 shares no sequence similarity with other 
cysteine-rich protein ligands, the positions of the cysteine patches are some- 
what conserved. Thus, EPF1 may also adopt a stable structure with in- 
tramolecular disulfide bonds. 

A previous genetic model suggests that STOMATAL DENSITY AND DIS- 
TRIBUTION 1 (SDD1), a putative subtilisin protease, process ligands for TOO 
MANY MOUTHS (TMM) LRR-RLP and ERECTA-family LRR-RLKs. Percep- 
tion of the ligands by TMM and ERECTA-family RLKs triggers signal trans- 
duction controlling stomatal patterning (Ingram, 2005; Bergmann and Sack, 
2007). The loss-of-function sddl, tmm, and erecta erll erll mutants exhibit an 
epidermis with increase numbers of stomata that are adjacent to each other 
or in clusters (Berger and Altmann, 2000; Nadeau and Sack, 2002; Shpak et ah, 
2005). Inhibition of stomatal development by EPF1 requires functional alleles 
of TMM and ERECTA-family genes, since CaMV35S::EPFl failed to rescue 
stomatal cluster phenotype of tmm and erecta erll erll (Hara et ah, 2007). This 
finding is consistent with the hypothesis that the secreted EPF peptides act 
upstream of TMM and ERECTA-family receptors. On the other hand, consti- 
tutive overexpression of EPF rescued the increased stomatal density by sddl 
(Hara et ah, 2007). Therefore, SDD1 may function in a separate pathway from 
EPF, suggesting that it is not modified by the putative subtilisin-like protease 
SDDL Alternatively, in high doses, EPF may be active regardless of whether 
or not it is processed by SDDl. 



1.7 Other possible ligands and their 
corresponding receptors 

1.7.1 IDA (INFLORESCENCE DEFICIENT IN ABSCISSION), a ligand 
for HAESA? 

The recessive Arabidopsis ida mutation confers defects in floral organ abscis- 
sion, resulting in sepals and petals, which remain attached to flowers long 
after fertilization (Butenko et ah, 2003). IDA encodes a 77-amino acid pro- 
tein with an N-terminal signal sequence (Butenko et ah, 2003) (Table 1.2). 
Consistent with the predicted nature of the secreted protein, the IDA:GFP 
fusion protein gave a high signal at the cell periphery. The IDA gene is con- 
served in a wide variety of plant species, and Arabidopsis has five IDA-LIKE 



Transmembrane Receptors in Plants 



15 



genes (IDL1-IDL5). Comparison of these ZDA-family genes revealed a con- 
served 12-amino acid motif, named the PIP motif, at the C-terminus (Butenko 
et ah, 2003). It would be of special interest to test whether the mature form of 
IDA (and IDL) is a short peptide encompassing the PIP motif. Strikingly, the 
constitutive overexpression of IDA (CaMV35S::IDA) led to ectopic abscission 
zone formation in various places, such as at the base of pedicels (Stenvik 
et ah, 2006). Therefore, IDA is sufficient to trigger abscission and cell 
separation. 

The LRR-RLK HAESA is an attractive candidate for the IDA receptor (Jinn 
et ah, 2000). The HAESA promoter is specifically active in the abscission zone, 
and antisense suppression of HAESA reduced floral organ abscission, a phe- 
notype similar to that of ida (Jinn et ah, 2000). It would be therefore of special 
interest to test the genetic and biochemical interactions of IDA and HAESA. 

1.7.2 TPD1 (TAPETUM DETERMINANT 1), a ligand for 
EMS1/EXS1? 

The tpdl loss-of-function mutation in Arabidopsis confers male sterility due 
to the loss of tapetum and concomitant increase in microsporocytes (Yang 
et ah, 2003). TPD1 is thus required for the specification of tapetal cell identity 
in the Arabidopsis anther, and in the absence of TPD1, more cells commit 
to adopt microsporocyte identity instead of differentiating into tapetal cells 
(Yang et ah, 2003). TPD1 encodes a small protein of 176 amino acids with an N- 
terminal signal peptide (Table 1.2). The C-terminal region of TPD1 possesses a 
CLVNNG motif that is shared with other gene products of unknown function, 
suggesting that this portion may be retained in the mature peptide. 

The phenotype of tpdl highly resembles that of emsl/exsl (excess microsporo- 
cytes 1/extra sporogenous cells). The EMS1/EXS1 gene product is an LRR-RLK, 
and thus it would be exciting to postulate that TPD1 acts as a ligand for 
EMS1/EXS1. The anther phenotype of tpdl emsl/exsl double mutant plants 
was indistinguishable from tpdl single mutants, suggesting that TPD1 and 
EMS1/EXS1 act in a linear pathway (Yang et ah, 2003). The constitutive overex- 
pression of TPD1 (CaMV35S::TPDl) conferred excessive cell division within 
carpels, and this phenotype was dependent on the functional EMS1/EXS1 
allele (Yang et ah, 2005). The results indicate that TPD1 acts upstream of 
EMS1/EXS1, and TPD1 may indeed be the EMS1/EXS1 ligand. 

1.8 Ligand-receptor interactions 

In animals, it is widely accepted that ligand binding to corresponding RKs 
leads to conformational changes, which trigger activation of the cytoplasmic 
protein kinase domain and further signal transduction. Biochemical associa- 
tion of ligands to corresponding receptors has been demonstrated for a few 
plant ligand-receptor pairs, including BR to BRI1, PSK to PSKR, LAT52 and 
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LeSTGl to LePRK2, fls22 to FLS2, AtPepl to PEPR1, and SCR/SP11 to SRK 
(Kachroo et al, 2001; Matsubayashi et al, 2002; Tang et al, 2002; Tang et al, 
2004; Kinoshita et al, 2005; Chinchilla et al, 2006; Yamaguchi et al, 2006). In 
known cases, ligand binding to corresponding RKs does not require a cyto- 
plasmic kinase domain. For instance, the association of LAT52 and LeSTGl 
to the extracellular domain of LePRK2 was tested using a yeast two-hybrid 
approach (Tang et al, 2002, 2004). The binding of BR to BRI1 was tested us- 
ing the bacterially produced fragments within the extracellular domain of 
BRI1 (Kinoshita et al, 2005). The binding of PSK to PSKR was even enhanced 
by removal of the cytoplasmic kinase domain, perhaps due to increased recep- 
tor stability (Shinohara et al, 2007). The exact sites of ligand-binding pocket 
have been determined for two LRR-RKs, PSKR and BRI1 (Kinoshita et al, 
2005; Shinohara et al, 2007). Interestingly, these two studies demonstrate that 
an extracellular "island" domain intercepting tandem repeats of LRRs is the 
key ligand-binding site. In the case of BRI1, a biotin-tagged photoaffinity cas- 
tasterone as well as tritium-labeled brassinolide were shown to bind to the 
bacterially produced BRI1 fragment including 70-amino acid island domain 
and flanking LRR22 (ID-LRR22), indicating that this region is sufficient for 
BR binding (Kinoshita et al, 2005). More specific analysis was performed to 
delineate the PSK binding site of PSKR (Shinohara et al, 2007) . Using a radiola- 
beled photoaffinity PSK analog, 125 I-[N £ -(4azidosalicyl)Lys 5 ]PSK, Shinohara 
et al (2007) successfully cross-linked the radiolabeled ligand to carrot PSKR 
and subsequently delineated the ligand-binding site via peptide fragmenta- 
tion followed by mass spectrometry. The PSK binding site was mapped to the 
15-amino acid fragment within the island domain. Consistently, the deletion 
of the island domain from PSKR abolished ligand binding. 

Several LRR-RLPs, including CVL2 and Cf-family of tomato disease resis- 
tant receptors, possess an island domain (Jones et al, 1994; Dixon et al, 1998; 
Jeong et al, 1999). Strikingly, the position of the island domain is conserved 
in all cases, between the fourth and fifth LRRs from the transmembrane do- 
main, despite the fact that the primary sequence of the island domain shares 
no similarities (Torii, 2004). This intriguing observation implies that the is- 
land domain and its adjacent LRRs may form a structure favored for ligand 
binding and subsequent receptor activation. 

Although the active protein kinase domain appears dispensable for lig- 
and binding to RKs, the proper transmembrane anchoring of RKs may be 
critical for some cases of ligand-RK interaction. For instance, SCR/SP11 dis- 
plays high-binding affinity to the naturally occurring, truncated SRK that 
possesses the extracellular domain and a transmembrane domain but lacks 
the cytoplasmic kinase domain (Shimosato et al, 2007). The extracellular, sol- 
uble form of SRK, however, did not show high ligand-binding affinity (Shi- 
mosato et al, 2007). Since Brassica self-incompatibility involves a set of three 
molecules, ligand (SCR/SP11), receptor (SRK), and extracellular glycoprotein 
with S-domain (SLG), the differential affinity of the ligands to soluble versus 
membrane-anchored receptors may reflect the complex regulation of signal 
transduction. 
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1.9 Early events in receptor kinase signaling: dynamics 
of receptor activation 

After ligand binding, how do RKs activate their kinase domains and 
trigger downstream signal transduction, and how are they eventually 
downregulated to quench signaling? The early in vivo events after ligand-RK 
association have been extensively studied in two LRR-RKs, BRI1 and FLS2. 
Recent studies on these two RKs are beginning to unravel the conserved 
mechanism of plant RK activation, which is strikingly similar to that of ani- 
mal transforming growth factor (3 (TGF (3) receptors. TGF (3 receptors consist 
of two distinct receptors: type I receptors (i.e., transducers), which are un- 
able to bind ligands in the absence of type II receptors, and type II receptors 
(i.e., primary receptors), which are unable to signal in the absence of type I 
receptors. Binding of the ligand, TGF, to the type II receptors promotes hetero- 
multimeric (tetrameric) receptor complex formation and triggers subsequent 
signal transduction (Massague, 1996). Both BRI1 and FLS2 appear to func- 
tion as primary receptors, and intriguingly, they share the same transducer 
LRR-RLK, BAK1 (Li et ah, 2002; Nam and Li, 2002; Russinova et at, 2004). 
The resemblance of the modes of activation of plant RKs to that of TGF(3 re- 
ceptors extends to subcellular receptor dynamics of compartmentalization/ 
endocytosis. 

1.9.1 Dynamics of BRI1 activation 

Extensive studies by the group of Dr Joanne Chory revealed the modes of 
BRI1 activation (Fig. 1.2a). In the absence of ligands, BRI1 exists as inactive 
homodimers (Wang et ah, 2005a). The activity of BRI1 is suppressed by its 
own C-terminal domain as well as by BKI1 (BRI1 kinase inhibitor 1), a protein 
directly interacting with the kinase domain of BRI1 (Wang and Chory, 2006). 
Upon direct binding of BR, the cytoplasmic kinase domain of BRI1 will be 
activated, undergoing autophosphorylation as well as phosphorylating BKI1 . 
The phosphorylated BKI1 dissociates from BRI1 and leaves from the plasma 
membrane. Subsequently, BRI1 forms a heterodimer with a second LRR-RLK, 
BAK1 (also known as SERK3). This triggers downstream events leading to 
the activation of key transcription factors BES1 /BZR1 via dephosphorylation 
and regulation of BR-specific gene expression (Fig. 1 .2a) (Belkhadir and Chory, 
2006; Karlova and de Vries, 2006). Although the precise stoichiometry of the 
activated BRI1 receptor complex is not known, it has been proposed that, 
similar to TGF(3 receptors, the active BRI1 complex would be heterotetramer 
with BRI1 analogous to the type II receptor and BAK1 to the type I receptor 
(Belkhadir and Chory, 2006; Karlova and de Vries, 2006). 

In TGF (3 receptor signaling, the activated receptors are compartmentalized 
into an endosome population, where they associate with an adaptor protein 
that mediates further signal transduction to the transcription factor Smad2 
(Tsukazaki et al, 1998; Raikhel and Hicks, 2007). While BRI1 homodimers are 
localized predominantly at the plasma membrane, BRI1-BAK1 heterodimers 
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are mainly detected in the endosomes (Russinova et al, 2004). Since inter- 
nalization and endocytosis of BRI1 was observed constitutively Russinova 
et al. (2004) postulated that BAK1 functions to redistribute BRI1 within the 
endomembrane system. Consistently the pharmacological treatment of Ara- 
bidopsis cells revealed that endosomal population of BRI1 is indeed active in 
signal transduction. Geldner et al. (2007) discovered that application of an 
endosomal trafficking inhibitor, brefeldin A, to Arabidopsis roots increased 
the population of BRIl-containing endosomes, and promoted dephosphory- 
lation of BES1 and reduced the BR early responsive gene expression (Geldner 
et al, 2007). These studies place BAK1 as a critical effector that activates BRI1 
signaling, and further highlight the importance of endomembrane trafficking 
for plant RK signaling. 



1 .9.2 Dynamics of FLS2 activation and internalization 

FLS2 recognizes a bacterial flagellin peptide fragment (flg22) and trig- 
gers defense response (Gomez-Gomez and Boiler, 2002). Recent studies by 
Robatzek et al. (2006) demonstrated that FLS2 is ubiquitously expressed and 
plasma-membrane localized in the absence of a ligand, but the addition of 
the ligand, flg22, rapidly induces internalization of FLS2 into endosomes 
(Fig. 1.2b). Therefore unlike BRI1, which exhibits constitutive endocycles, 
FLS2 is subjected to a ligand-induced endocytosis (Robatzek et al, 2006). The 
internalized FLS2 is most likely targeted for destruction to quench the innate 
immune response (Robatzek et al., 2006). 

Two PAMP receptors, FLS2 and EFR, recognize unrelated ligands, flg22 and 
elfl8, respectively, via direct binding (Chinchilla et al, 2006; Zipfel et al., 2006). 
Nevertheless, both FLS2 and EFR trigger a common set of target gene expres- 
sion potentially via a downstream map kinase cascade (Zipfel et al, 2006). 

•< 

Figure 1.2 (a) Model of BRI1 activation. (Left) In the absence of BR, both BRI1 and 
BAK1 form homodimers. The BRI1 homodimer is inactive due to autoinhibition of its 
C-terminus as well as association with the negative regulator, BKI1 . Both BRI1 and BAK1 
are constitutively recycled into endomembranes. (Right) The BR binding to BRI1 leads to 
its activation (and dissociation of BKI1) via phosphorylation, and formation of receptor 
heterodimer (heterotetramer) with BAK1 . The receptor heterodimers are internalized into 
endosomes, and they signals to inhibit BIN2 kinase via unknown mechanism. In the 
absence of BR signaling, BIN2 inhibits BES1 /BZR1 activity via phosphorylation. 
Dephosphorylation of BES1/BZR1 transcription factors (mediated via BSU1 phosphatase) 
activates the target gene expression (b). Model of FLS2 activation. (Left) In the absence of 
PAMP (flg22), both FLS2 and BAK1 likely form homodimers. (Right) The flg22 binding to 
FLS2 leads to its activation via phosphorylation and formation of receptor heterodimer 
(heterotetramer) with BAK1 . The active receptor complex is internalized rapidly via 
ligand-dependent manner. The signal may be transduced via mitogen-activated protein 
kinase (MAP kinase) cascades and eventually trigger innate immune response likely via 
WRKY-family transcription factors. 
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How can two distinct ligand-receptor pairs induce common downstream 
targets? Through a genome-wide transcriptome analysis of PAMP-induced 
genes and biochemical purification, Chinchilla et al. (2007) and Hesse et al. 
(2007) made an intriguing discovery that BAK1, a known heterodimeric part- 
ner of BRI1, in addition acts as a heterodimeric partner of FLS2 for defense sig- 
naling (Chinchilla et al, 2007; Heese et al, 2007) (Fig. 1.2b). Similar to fls2, bakl 
mutant seedlings are insensitive to flg22, indicating that BAK1 is required for 
flagellin perception in Arabidopsis. Application of flg22 rapidly induced FLS2- 
BAK1 receptor complex formation. These results point to the mechanism by 
which the recognition of a specific PAMP by FLS2 leads to association with 
BAK1 and active receptor complex formation, which in turn signals to down- 
stream components. Similar to BRI1, FLS2 may exist as an inactive homodimer 
at the plasma membrane in the absence of its ligand. Consistently, the absence 
of BAK1 has no effects on flg22 binding to FLS2 (Chinchilla et al, 2007). 

BAKl's role as a transducer of PAMP response goes beyond FLS2, given 
that BAK1 is required in restricting other bacterial and oomycetes infec- 
tions (Heese et al, 2007). Furthermore, BAK/SERK-family LRR-RLKs control 
multiple developmental processes, such as somatic embryogenesis and mi- 
crosporocyte formation. Thus, BAK / SERK-family RLKs may form an active 
receptor heterodimers with numbers of different LRR-RLKs. 



1.10 Early events in receptor kinase signaling: emerging 
link to small CTP-binding proteins 



How do activated RKs transduce signals? Recent studies unraveled an ex- 
citing potential link between RKs and small GTP-binding proteins known as 
ROP (Rho of plants) or RACs (reviewed in Shichrur and Yalowsky, 2006; Yang 
and Fu, 2007). ROPs/RACs function as a switch during cellular morphogen- 
esis, such as pollen tube tip growth, root hair elongation, and pavement cell 
intercalation, as well as for hormonal and environmental responses (Gu et al, 
2004; Yang and Fu, 2007; Chapter 3). ROPs were first implicated in RLK sig- 
naling through the biochemical analysis of the CLV1 receptor complex, which 
contained potential ROP proteins (Trotochaud et al, 1999). However, the role 
of ROPs in CLV1 signaling remained elusive. 

Similar to the small GTP-binding proteins in animals and yeast, the plant 
ROP /RACs shuttle between a GDP-bound inactive form and a GTP-bound 
active form. The activation of small GTP-binding proteins requires guanine- 
nucleotide exchange factors (GEFs). Recently, through a yeast two-hybrid ap- 
proach using the dominant-negative form of ROP4, plant-specific RhoGEFs 
that possess specific activity toward ROPs have been identified (Berken et al, 
2005; Gu et al, 2006). Interestingly, the plant-specific RhoGEFs do not share 
any primary sequence similarities to their animal/yeast counterparts, and 
the GDP dissociation from ROPs is mediated via a previously undescribed 
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domain, now named PRONE (plant-specific Rop nucleotide exchanger) 
(Berkenef ah, 2005). 

The real surprise came from the discovery that a tomato homolog of the 
plant-specific RhoGEF interacts with two LRR-RLKs, LePRKl and LePRK2, 
that are known to regulate pollen tube elongation (see Section 1.6.1; Wengier, 
et ah, 2003). The protein, named kinase partner protein (KPP), was isolated 
via yeast two-hybrid screen using the kinase domain of LePRKl and LePRKs 
as bait. KPP was shown to be phosphorylated in pollen tubes and localized 
at the membrane periphery (i.e., attached to the plasma membrane from the 
cytoplasmic side) (Kaothien, et ah, 2006). The overexpression of KPP con- 
ferred severe swelling of pollen tube tips, a phenotype highly resembling 
that induced by RopGEFl overexpression and the constitutive activation of a 
pollen-specific ROP, ROP1, in Arabidopsis (Li et ah, 1999; Kaothien, et ah, 2006; 
Gu et ah, 2006). These studies provide an intriguing link between RLKs and 
small GTPase signaling in nongenomic responses, such as polar cell elonga- 
tion. The Arabidopsis genome encodes 14 members of RhoGEFs and 11 ROPs. 
It would be a daunting but exciting task to understand the specific interac- 
tions among RhoGEFs and ROPs, and further identify the upstream RLKs 
that initiate the signal. 

1.11 Future perspectives 

It has been 17 years since the first RLK was reported by Walker and Zhang 
(1990), and it has been over a decade since the first clear demonstrations of 
RLK function in plant development and defense against pathogens (Song 
et ah, 1995; Torii et ah, 1996). Similarly, the first plant peptide hormone, sys- 
temin, was discovered by Clarence Ryan's group in 1991 . Recently, the ligand- 
receptor pairs have been identified and the molecular and biochemical mech- 
anisms of signal perception and receptor activation are beginning to emerge. 
However, important questions still remain to be addressed: What is the struc- 
tural basis of ligand-receptor interactions? How does the same transducer, 
BAK1, trigger developmental and defense response depending on its receptor 
pair? Which RLKs directly bind ligands and which RLKs act as transducers? 
Is there a conserved mechanism of RLK signaling? Fueled with a synergism 
of traditional molecular genetics and biochemistry as well as development 
of bioinformatics and structural modeling, studies of plant receptor-kinase 
signaling will continue to be hot and exciting. 

Note added in proof 

After the submission of the book chapter, two interesting reports came out. 
First, Ogawa et al. (2008) demonstrated that the MCLV3 peptide directly asso- 
ciates with the ectodomain of CLV1, thus concluding the long-standing debate 
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on whether CLV1 is indeed a receptor for CLV3. It would be interesting to 
address whether CLV2 also binds MCLV3. In such a case, both CLV1 and 
CLV2 may independently act as receptors for CLV3. Second, Jia et al. (2008) 
reported that TPD1 and EMS1 /EXR1 associate in vivo and in vitro, and TPD1 
induces phosphorylation of EMS/EXR1 in vivo. Collectively, findings by Jia 
et al. (2008) strongly suggest that TPD1 is a ligand for EMS1/EXR1. 
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Abstract: Heterotrimeric G proteins are key signaling elements in eukaryotes. The 
fundamental building blocks of this pathway, the Ga, Gp, and G7 subunits, are 
encoded in plant genomes, as are regulator of G-protein signaling (RGS) proteins, 
and candidate seven- transmembrane (7TM) G-protein-coupled receptors (GPCRs). 
However, plants are distinguished from other metazoans by having far fewer genes 
encoding these functions: for example, the genome of the model plant species Ara- 
bidopsis thaliana encodes single canonical Ga and G(3 subunits, two Gy subunits, 
one RGS protein (which, unlike animal RGS proteins, contains a 7TM domain), and 
many fewer candidate GPCRs than mammalian genomes. Nevertheless, genetic ap- 
proaches have demonstrated the importance of heterotrimeric G-protein signaling 
in a wide diversity of responses that are fundamental to plant growth and survival, 
including cell division, ion channel regulation, responses to most of the major plant 
hormones, and aspects of light signaling, oxidative stress, and pathogen response. 
These studies have also demonstrated that, similar to the situation in other eukary- 
otes, some responses are primarily mediated by the Ga subunit and others by the 
Gp subunit (P7 dimer). The role that a given G-protein component plays in a given 
signaling process can differ between different plant cell types, as illustrated most 
thoroughly for regulation of cell division and hormonal response. These results im- 
ply that different plant cell types may employ different upstream and downstream 
proteins to couple with the heterotrimeric subunits. However, to date, only a few 
proteins have been shown to physically interact with plant G-protein subunits, and 
this is a fertile area for future research. 
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2.1 Introduction 

GTP-binding proteins, also called G proteins, belong to a superfamliy of 
GTPase domain-containing proteins, which bind GTP and hydrolyze the 
bound GTP to GDP by their intrinsic GTPase activity; thus G proteins have 
two states (Bourne et ah, 1990, 1991). A subfamily called the heterotrimeric G 
proteins are composed of a, |3, and y subunits. G proteins function as molecu- 
lar switches in the regulation of numerous biological processes. In the classical 
model of heterotrimeric G-protein action, signal transmission involves bind- 
ing of a molecular signal (ligand) to a G-protein-coupled receptor (GPCR), 
activation of the heterotrimer by the ligand-bound receptor, and action of the 
Ga and/or the Gfiy dimer on target proteins, designated as effectors (Hepler 
and Gilman, 1992; Neer, 1995; Hamm, 1998). 

Heterotrimeric G proteins of plants and the signaling coupled by them are 
the focus of this chapter. However, because the field of plant G-protein signal- 
ing has developed within the realm of a large and well-established body of 
work on metazoan G-protein signaling, an overview is first given of G-protein 
signaling models developed from information from nonplant systems. 

2.2 Heterotrimeric C proteins in nonplant systems 

Heterotrimeric G proteins are widely present in eukaryotes, and are in- 
tensively studied using model species such as Saccharomyces cerevisiae, 
Neurospora crassa, Drosophila melanogaster, Dictyostelium discoideum and 
Caenorhabditis elegans. Heterotrimeric G-protein-based signaling has recently 
been assessed using transgenic (knockout) mammals (Offermanns et ah, 1997), 
building upon a long history of their study using mammalian cell lines. 
Heterotrimeric G proteins also exist in protozoa and ancestral metazoans such 
as the ciliate Stentor coeruleus and the Anthozonan Renilla koellikeri (New and 
Wong, 1998). 

In mammalian cells, stimuli transduced by G proteins include hormones, 
photons, odorants, certain taste ligands, neurotransmitters, phospholipids, 
and growth factors (Hepler and Gilman, 1992; Gutkind, 1998). Other G- 
protein-based responses include mating in yeast, visual signal transduction in 
Drosophila, aggregation of Dictyostelium in response to cAMP, and chemotaxis 
and thermotaxis of C. elegans. Underlying these physiological and behavioral 
responses are rapid cellular responses such as alterations in ion fluxes (Brown 
and Birnbaumer, 1990; Wickman and Clapham, 1995), transient changes in 
concentrations of secondary messages such as Ca 2+ , cAMP, and inositol 
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phosphates (Restrepo et al, 1996; Rhee, 2001), and restructuring of cytoskeletal 
architecture (Luttrell, 2002; Zheng, 2004). 

2.2.1 Structure of heterotrimeric C proteins 

Among the heterotrimeric G proteins in eukaryotic organisms, those from 
mammalian systems have been studied most intensively. So far, at least 20 
Get, 5 G(3, and 12 G7 subunits have been identified in mammals (Hamm, 
1998; McCudden et al, 2005). Ga subunits are divided into four classes based 
on their sequence similarity: Gcti, Ga s , Gct q , and Gai2- Corresponding to the 
diversity of G-protein complexes, 800-1000 GPCRs exist in mammalian cells. 

The a subunit of heterotrimeric G proteins contains two key structural do- 
mains: one is a GTPase domain (G domain; also known as a Ras domain); the 
other is a helical domain. The GTPase domain is a common structure shared by 
Ga subunits and the monomeric members of the GTPase superfamily. The ba- 
sic Ga core contains a number of common functionalities, namely, nucleotide 
binding domains, e.g., switches that establish the basal and activated confor- 
mations, and protein interfaces such as for the Gfiy dimer, the receptor, the 
RGS proteins, the modulators, and the effectors. A motif called the P-loop is 
involved in nucleotide triphosphate binding, a motif called the DxxGQ motif 
is used for GTP hydrolysis, and the NKxD motif confers guanine recognition 
(Sprang, 1997). Upon GDP/GTP exchange, Ga subunits undergo a conforma- 
tional change so as to switch on or off their signaling and GTPase activity. The 
helical domains in some Ga subunits interact with RGS proteins (Echeverria 
et al, 2000; Brito et al, 2002) or with effectors (Liu and Northup, 1998), as 
discussed further below. 

All G(3 subunits contain seven WD40 repeat sequence motifs, in which a 
repeat of tryptophan (W) and aspartate (D) or similar residues are present 
about every 40 amino acids. The |3 subunits of heterotrimeric G proteins 
have a seven-bladed antiparallel (3-propeller structure. Among the three G- 
protein subunits, the 7 subunits are least conserved. The 7 subunits are small 
(6-9 kDa) and contain a C-terminal cysteine-aliphatic-aliphatic-undefined 
amino acid (CAAX) motif required for isoprenylation as well as a N-terminal 
coiled-coil domain essential for interaction with G(3 subunits. G7 subunits 
are always associated with G(3 subunits, forming a tightly bound GP7 het- 
erodimer that can only be separated under denaturing conditions. Both Ga 
and G7 subunits tether to the plasma membrane via covalently bound lipids 
(Casey, 1994; Milligan and Grassie, 1997). 

2.2.2 Signaling by heterotrimeric C proteins 

In the classical model of G-protein signaling, the stimulus (ligand) first binds 
to an associated ligand-specific GPCR, which has a seven-transmembrane 
(7TM) domain structure and is located on the plasma membrane. Binding 
of the GPCR by a ligand triggers a conformational change in the receptor, 
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which accordingly prompts a conformational change in the Ga subunit. The 
Ga subunit of the heterotrimer then releases bound GDP and the vacated site 
is available for GTP binding. Thus, ligand-bound GPCRs serve as guanine 
nucleotide exchange factors (GEF), accelerating GDP/GTP exchange. GTP 
binding on the Ga prompts a conformational change that triggers dissociation 
of the heterotrimer into Ga and the Gfiy dimer, each of which can interact with 
downstream effectors. Among the effectors for Ga in yeast and metazoans 
are second messenger generating enzymes such as adenylate cyclases, cGMP 
phosphodiesterase, and phospholipase C (Hamm, 1998; McCudden et ah, 
2005). The Gfiy dimer can directly activate ion channels, such as K + and 
Ca 2+ channels, and possibly Na + channels (Hamm, 1998). The Gfiy dimer 
can also activate G(37-responsive phosphoinositide 3-kinases (PI 3-kinases) 
(Tang and Downes, 1997). MAP kinases can be activated by the GP7 dimer in 
a Ras-dependent pathway (Gutkind, 1998). Eventually, the intrinsic GTPase 
activity of the Ga subunit allows the bound GTP to be hydrolyzed into GDP 
and the G protein returns to an inactive state (Hepler and Gilman, 1992; 
Gutkind, 1998; Hamm, 1998). 

2.2.3 Modifiers of C-protein signaling 

As shown in Fig. 2.1 (Color plate 2), there are a number of mechanisms 
by which G-protein signaling can be modulated. For example, removal of 
GPCRs from the cell surface acts to desensitize signaling. Some GPCRs be- 
come phosphorylated when occupied by ligand, and after phosphorylation 
by G-protein-coupled receptor kinases (GRKs), these GPCRs are bound by 
arrestins that are cytosolic adaptor and scaffold proteins. This interaction 
leads to desensitization by promoting GPCR internalization (Gurevich and 
Gurevich, 2004; Moore et ah, 2007). It is now believed that besides their desen- 
sitizing role, arrestins recruit nonreceptor tyrosine kinases or MAP kinases to 
GPCRs in G-protein-independent GPCR signaling. Two arrestins and seven 
GRKs have been identified in mammalian cells. The intrinsic GTPase activity 
of Ga is up-regulated by RGS proteins that have GTPase activating protein 
(GAP) activity (Berman and Gilman, 1998; De Vries et at, 2000b). RGS pro- 
teins promote return of active G proteins to their inactive state and often 
inhibit Ga-dependent signaling. Thirty-nine mammalian RGS proteins have 
been identified to date. Some of these are delimited to the plasma membrane 
by phospholipid binding through protein-protein interactions, but no mam- 
malian RGS protein to date has membrane spanning domains. 

Phosducin, a phosphoprotein that binds G(3~y dimers in the retina, trig- 
gers a conformational change in the Gf3 subunit, preventing the GP7 dimer 
from binding to its downstream effectors or associating with the Ga subunit 
(Gaudet et ah, 1996; Schulz, 2001). Other important modifiers such as activa- 
tors of G-protein signaling (AGS proteins) and G-protein-signaling modifiers 
(HUGO, http: // www.gene.ucl.ac.uk/nomenclature) also act on the activated 
complex or even are able to activate the complex in the absence of GPCRs 
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(Cismowski et ah, 2001; Lanier, 2004). AGS1, a member of the Ras superfam- 
ily of small GTPases, has GEF activity on some Ga subunit types (Cismowski 
et ah, 1999). AGS2 is identical to the mouse Tctexl, a component of the light 
chain of dynein, and specifically interacts with the GP7 dimer (Takesono 
et ah, 1999). AGS3 is similar to human LGN (Takesono et ah, 1999), a protein 
involved in spindle positioning in mitotic cell division. AGS3 (now desig- 
nated GPSM1) serves as a guanine dissociation inhibitor (GDI) of Gcti and 
Ga t (transductin, a member of the Gc*i family) (Natochin et ah, 2000; De Vries 
et ah, 2000a), and modulates mitotic spindle orientation (Sanada and Tsai, 
2005). AGS4 (now designated GPSM3), like AGS3, is a GDI of Ga ; (Cao et ah, 
2004). AGS proteins preferentially target GDP-bound Ga subunits not in the 
heterotrimeric complex; thus, they act by either prolonging signaling via Gb~/ 
and / or by blocking activation of Ga. Activation of heterotrimeric G proteins 
by AGS proteins may represent a new mode of heterotrimeric G-protein sig- 
naling in response to external signals. 

A novel role of GDP-bound Gas in proper positioning of the mitotic spindle 
to effect asymmetric cell division has been uncovered in studies in Drosophila 
and C. elegans embryos, and there are hints that similar mechanisms function 
in mammalian cells as well (Hampoelz and Knoblich, 2004; Willard et ah, 
2004; McCudden et ah, 2005). Similar to regulation by AGS proteins, these 
results also reflect a mechanism that is divergent from the classical model of 
heterotrimeric G-protein signaling. 

2.3 Heterotrimeric C proteins in higher plants 

As in other eukaryotes, the central components of the classical heterotrimeric 
G-protein signaling paradigm, including heterotrimeric G-protein subunits, 
candidate GPCRs, and an RGS protein have been found in higher plants, 
although plant GRKs and arrestins have not been identified by sequence or 
functional homology (Ma, 1994; Assmann, 2002; Jones and Assmann, 2004). 
Many of the mammalian effectors are also found in plants, but to date only 
a few have been assessed with regard to their coupling with heterotrimeric 
G-protein-based pathways. 

2.3.1 Components of heterotrimeric C-protein 
signaling in plants 

Although early experiments using ADP ribosylation, GTP-binding assays, 
and anti-Ga immunoassays implied the existence of heterotrimeric G-protein 
a subunits in higher plants, their presence in plants was verified when the 
first G-protein a subunit gene, GPA1, was cloned from Arabidopsis (Ma et ah, 
1990). In striking contrast to metazoans, the repertoire of G-protein subunits 
is simple. Most plant species have one type each of the Ga and G(3 subunits 
and two G7 subunits. 
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The GPA1 gene encodes a 45-kDa protein that is 36% identical to bovine 
transducin and rat Gii . The consensus sequences for guanine nucleotide bind- 
ing in mammalian and yeast Get subunits are also conserved in the GPA1 
protein. GPA1 is expressed in all tissues and organs at various developmental 
stages except mature pollen and mature seeds. GPA1 is highly expressed in 
root and shoot meristems, lateral root primordia, and vascular tissues (Weiss 
et ah, 1993; Huang et ah, 1994; Pandey et ah, 2006). This broad expression 
pattern of GPA1 may reflect the broad functions of heterotrimeric G proteins 
in plants (see below) despite the presence of only one prototypical Get gene 
in the Arabidopsis genome. Subsequently a tomato homolog of Arabidopsis 
GPA1 (TGA1) was isolated using Arabidopsis GPA1 as a probe (Ma et ah, 1991). 
As in Arabidopsis, there is only one copy of the Get gene in tomato. Since 
these early studies, genes encoding heterotrimeric G-protein a subunits have 
been cloned from other plants, such as alfalfa, lotus, lupin, pea, rice, soybean, 
spinach, tobacco, and wild oat (Assmann, 2002). Among these G-protein a 
subunits, recombinant Arabidopsis GPA1 (Wise et ah, 1997; Chen et ah, 2003), 
rice G-protein a subunit (RGA1) (Seo et ah, 1997), and tomato TGA1 (Aharon 
et ah, 1998) have been shown to bind and hydrolyze GTP. 

The first two genes identified to encode plant G-protein (3 subunits, ZGB1 
and AGB1, were isolated in maize by screening a subtracted maize tassel 
cDNA library and in Arabidopsis by screening a cDNA library with a partial 
ZGB2 cDNA as a probe (Weiss et ah, 1994). The proteins encoded by ZGB1 and 
AGB1 share 76% identity with each other and each has 41% or more identity 
to human and C. elegans G(3 subunits. As for other known G(3 subunits, ZGB1 
and AGB1 contain seven WD40 repeats and an a-helical amino terminal do- 
main (Ullah et ah 2003), two structural features of G-protein [3 subunits. AGB1 
is ubiquitously expressed in vegetative organs and flowers (Weiss et ah, 1994; 
Ullah et ah 2003; Chen et ah, 2006d; Anderson and Botella, 2007). Consistent 
with its functions, the AGB1 gene is expressed in vascular tissues, meristems, 
and guard cells. AGB1 is also expressed in trichomes and root cap, sugges- 
tive of possible AGB1 signaling in these two locations (Anderson and Botella, 
2007). Besides localization at the plasma membrane, AGB1 protein is also 
found in the nucleus (Anderson and Botella, 2007). Genes encoding G(3 sub- 
units also have been isolated in alfalfa, rice, tobacco, and wild oat (Assmann, 
2002). 

Two Gy subunit genes, AGG1 and AGG2, were isolated by screening an Ara- 
bidopsis yeast two-hybrid library with a tobacco G(3 subunit (TGB1) as bait 
(Mason and Botella, 2000, 2001 ) . In an in vitro binding assay, 35 S-labeled AGG1 
and AGG2 strongly bound to AGB1. The AGG1 and AGG2 proteins maintain 
the features of mammalian Gy subunits, such as small size (98 and 100 amino 
acids, respectively), a C-terminal CAAX motif required for isoprenyl mod- 
ification, and an N-terminal coiled-coil domain crucial for interaction with 
the G(3 subunit. They also have three short regions conserved in mammalian 
Gy subunits (Mason and Botella, 2000, 2001). AGG1 and AGG1 have mostly 
distinct (albeit partial overlapping) expression patterns, but these expression 
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patterns in combination match those of AGB1. AGG1 is mainly expressed in 
the apical meristem, hypocotyl, veins of rosette leaves, and stele of roots; 
AGG2 is mainly expressed in root hairs, hydathodes of rosette leaves, guard 
cells, and cortex and epidermis of roots (Chen et al, 2006d; Trusov et al., 2007). 
Interestingly, AGB1 and AGG1 are reported to be dependent upon each other 
for plasma membrane localization, whereas AGG2 does not require AGB1 
for plasma membrane targeting (Adjobo-Hermans et al, 2006). Fluorescently 
tagged AGG2 localizes to the plasma membrane, whereas AGG1 localizes 
to both the plasma membrane and internal membranes (Zeng et al, 2007). 
Nonetheless, both AGG1 and AGG2 could form heterotrimers with GPA1 
and AGB1 (Adjobo-Hermans et al, 2006). 

Two rice Gy subunits genes, RGG1 and RGG2, were uncovered by 
homology-based searches of the rice databases (Kato et al, 2004). In both 
yeast two-hybrid and gel filtration assays, RGG1 and RGG2 associate with 
RGB1 (Kato et al, 2004), a rice G(3 subunit (Ishikawa et al, 1996). The four 
G-protein subunits in rice, RGA1, RGB1, RGG1, and RGG2, make up two 
large G-protein complexes associated with the plasma membrane (Kato et al, 
2004). The molecular mass of each G-protein complex is ~400 kDa, indicat- 
ing the presence of other components in the complex in addition to the three 
G-protein subunits. 

Structural comparisons between plant and animal G-protein subunits have 
led to a number of interesting conclusions (Temple and Jones, 2007). First, the 
plant heterotrimeric complex most closely approximates the reconstructed 
ancestral G-protein complex. Second, tertiary structure involving the central 
core functions of GTP binding, GTP hydrolysis, and the interfaces between the 
subunits are conserved between metazoan and divergent plant G proteins. 
Finally, some surface residues that form interaction faces are shared with 
metazoan subunits and some are unique to plants suggesting that plants 
have a unique set of interaction partners (Temple and Jones, 2007). 

To date, two Arabidopsis 7TM proteins, GCR1 and AtRGSl, have been shown 
to physically interact with a plant Ga subunit, satisfying one of the fundamen- 
tal criteria for designating them as GPCRs. GCR1 shares weak similarity to the 
cyclic AMP receptor, CAR1, found in the slime mold and the Class B Secretin 
family GPCRs (Josefsson and Rask, 1997; Josefsson, 1999). It was determined 
by in vivo split-ubiquitin assay, in vitro binding, and co-immunoprecipitation 
(co-IP) that GCR1 directly interacts with Arabidopsis GPA1 (Pandey and 
Assmann, 2004). GCR1 has been shown to have both GPAl-dependent and 
GPAl-independent roles (Chen et al, 2004a; Pandey et al, 2006). AtRGSl has 
been shown to interact with GPA1 genetically and physically in Arabidopsis 
and to complement the yeast RGS deletion mutant, sst2 A (Chen et al, 2003). 
Furthermore, Atrgsl loss-of-f unction phenotypes are recapitulated by overex- 
pression of a GTPase-dead Ga, GPA1 (Q222L ', suggesting that the sole or main 
function of AtRGSl is to regulate the active state of Ga. Because GPA1 has a 
very slow GTPase activity as compared to mammalian Gas, in the absence of 
proteins such as AtRGSl acting as GAPs, GPA1 (and presumably other plant 
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Gas) would be predicted to exist in vivo primarily in the GTP-bound form 
(Johnston et al, 2007a). 

Liu et al. (2007) reported the identity of a new plant GPCR said to function 
as an ABA receptor, which they designate GCR2, but independent groups 
challenged their claim of 7TM receptor structure and function based on more 
rigorous modeling, which predicts that GCR2 lacks TM domains (Johnston 
et al, 2007b), and on genetic analyses in which gcr2 mutants did not consis- 
tently display insensitivity to ABA in seed germination and early seedling 
development (Gao et al, 2007). 

In metazoans, GPCRs constitute a superfamily of 7TM proteins subdivided 
into five subfamilies based on sequence; however, the overall conservation 
between the subfamilies, and to some extent even within the subfamilies, is 
low (Schioth and Fredriksson, 2005). Consequently, divergent GPCRs have 
been difficult to identify by homology-based approaches. Highly divergent 
Arabidopsis GPCR candidates have been identified through the use of non- 
alignment approaches (Moriyama et ah, 2006). This approach retrieved 394 
Arabidopsis protein sequences, and the list contained GCR1, AtRGSl, and 15 
proteins called MLOs (Devoto et al, 2003). The MLO family of 7TM pro- 
teins was originally identified in barley and is widely present in plant species 
(Devoto et al, 1999, 2003; Chen et al, 2006d). While MLO-mediated response 
of barley to powdery mildew appears to be independent of heterotrimeric G 
proteins (Kim et al, 2002), this does not preclude the possibility that MLO 
family members function as GPCRs (Jones, 2002). Restricting candidates in 
the list to those predicted to have strictly seven membrane spans and with the 
amino terminus located on the extracellular face of the membrane culls the 
candidate list to 54 proteins, including GCR1, AtRGSl, and 7 of the 15 MLOs 
(Moriyama et al, 2006). To summarize, 7TM proteins, similar to the situa- 
tion with the heterotrimer, are of low complexity in plants (Fredriksson and 
Schioth, 2005), and none to date have been shown to have GEF activity on a 
plant heterotrimeric G protein. 

As illustrated in Fig. 2.2 (Color plate 3), four interacting proteins of GPA1, 
namely, AtPirinl, PLDal, PD1, and THF1, are currently identified in Ara- 
bidopsis (Lapik and Kaufman, 2003; Zhao and Wang, 2004; Huang et al, 2006; 
Warpeha et al, 2006). These proteins are proposed candidate effectors of 
GPA1. AtPirinl, a member of the cupin protein superfamily, which has di- 
verse biological functions, was isolated as an interacting protein of GPA1 
in a yeast two-hybrid library screen (Lapik and Kaufman, 2003). The inter- 
action between AtPirinl and GPA1 was confirmed by an in vitro binding 
assay. Like the gpal mutants, loss-of-function AtPirinl mutants display hy- 
persensitive responses to abscisic acid (ABA) in seed germination and early 
seedling development. AtPirinl was also implicated in a signaling chain 
that mediates both blue light and ABA responses in Arabidopsis (Warpeha 
et a/., 2007). 

PLDal is a major isoform of phospholipase D (PLD) in Arabidopsis. In co- 
IP assays, both recombinant PLDal protein expressed in Escherichia coli and 
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native PLDal protein extracted from leaves of Arabidopsis bound recombi- 
nant Arabidopsis Got protein (GPA1) expressed in E. coli (Zhao and Wang, 
2004). In an assay for PLDal activity, application of recombinant wild-type 
Ga decreased PLDal activity, while a mutant Ga that could not interact with 
PLDal did not have this inhibitory effect. Interestingly, binding of PLDal to 
the Ga stimulates GTP hydrolysis by the Ga. 

PD1 is a cytosolic prephenate dehydratase discovered in a yeast two- 
hybrid screen for GPA1 interactors (Warpeha et ah, 2006). The interaction 
between PD1 and GPA1 was confirmed by an in vitro protein binding as- 
say. It was proposed that PD1 lies in a signal transduction pathway with 
GPA1 and GCR1 for the blue light-mediated synthesis of phenylpyruvate and 
phenylalanine. 

THF1 was also identified in a yeast two-hybrid library screen (Huang et al., 
2006). THF1 is a plastid protein localized to both the outer plastid mem- 
brane and the stroma, and does not share significant sequence with any 
known protein, although similar proteins can be found in a number of other 
plant species. The interaction between THF1 and GPA1 was confirmed by in 
vitro and in vivo co-IP, FRET analysis, and genetic epistatic analysis. Molec- 
ular and genetic analyses indicated that THF1 functions downstream of the 
plasma membrane-delimited GPA1 in a D-glucose signaling pathway (Huang 
et ah, 2006), suggesting a sugar signaling mechanism between plastids and 
the plasma membrane. 

2.3.2 Genetic and physiological evidence for heterotrimeric 
G protein mediated signaling in plants 

Study of both loss-of-f unction mutants and gain-of -function transgenic plants 
confirmed some of the biological functions of heterotrimeric G proteins im- 
plicated by early biochemical and pharmacological experiments (reviewed 
in Assmann, 2002), identified new functions regulated by heterotrimeric G 
proteins, and elucidated heterotrimeric G-protein-mediated signaling path- 
ways in higher plants (Fujisawa et al., 2001; Jones, 2002; Perfus-Barbeoch et al., 
2004). Table 2.1 summarizes the plant responses known to be modulated by 
heterotrimeric G proteins. 

2.3.2.1 Cell division 

Figure 2.3 (Color plate 4) illustrates the complex role that the heterotrimeric 
G-protein complex and AtRGSl play in modulating cell division. Strong ex- 
pression of GPA1 in shoot and root meristems and lateral root primordia 
prompted the hypothesis that GPA1 is involved in regulation of cell division 
(Ma, 1994). This hypothesis was confirmed when T-DNA insertional mutants 
of Arabidopsis GPA1 were isolated and characterized (Ullah et al, 2001). The 
Arabidopsis gpal null mutants exhibit reduced cell division in several devel- 
opmental stages. Dark-grown gpal null mutants show shorter hypocotyls, 
caused by a decrease in cell number. The rosette leaves of the gpal mutants 
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are rounder than those of wild-type plants. However, careful observation 
showed that the epidermal cell number decreases significantly in the mutant 
rosette leaves compared with the wild-type plants, while epidermal cell size 
is significantly larger than in wild type. Using cycl At-CDB-GUS as a mitotic 
reporter, a weak and diffuse GUS staining was detected in the gpal mutant 
leaves, while an intense and discrete GUS staining was observed in the wild- 
type plants, suggesting a reduction in cell division in the gpal mutants. In- 
creased cell division can be induced by ectopic expression of wild-type GPA1 
in Arabidopsis. Overexpression of GPA1 in synchronized tobacco BY-2 cells 
caused advance of the cell cycle from the Gl phase to the G2 phase and pro- 
moted formation of nascent cell plates. The reduced cell division in the gpal 
mutant appears to be a result of an extended Gl phase during the cell cycle 
(Ullah et ah, 2001). These data demonstrate that GPA1 is a positive modulator 
of cell proliferation in Arabidopsis. Increased cell division is also observed in 
the primary root of the Atrgsl null mutants (Chen et al, 2003, 2006a), while 
overexpression of Arabidopsis GCR1 in tobacco BY-2 cells confers increased 
incorporation of thymidine, an indication of increased DNA synthesis, and 
increased cell division (Colucci et ah, 2002; Apone et al., 2003). 

It was further illustrated that the activated form of GPA1 (GTP bound), the 
heterotrimer, and the G(3-y dimer each modulate cell production in the root 
(Chen et al., 2006a). The inactive form of GPA1 (GDP bound), presumably 
in the form of the intact heterotrimer, acts as a negative modulator for cell 
production in the primary root (Chen et al, 2006a). AGB1 also functions as 
a negative modulator of cell division but at a different point in the cell cycle 
(Ullah et ah, 2003; Chen et ah, 2006a). agbl-2 null mutants have longer primary 
roots and more lateral roots compared with wild type (Chen et ah, 2006a). 
Molecular and genetic analyses indicate that AGB1 works together with the 
GPA1 to negatively regulate cell production in the primary root, whereas 
AGB1 functions downstream of GPA1 to negatively modulate lateral root 
formation (Chen et al., 2006a). 

In the shoot, similar to gpal mutants, agbl null mutants display shorter 
hypocotyls, which are caused by a decrease in axial cell division (Ullah et al., 
2003). However, in contrast to the gpal mutants, hypocotyls of the agbl mu- 
tants are wider than those of the wild-type plants, as a result of an increased 
circumferential cell division (Ullah et al. , 2003) . Mutation in the AGB1 gene also 
affects organ shape in leaf, flower, and fruit (Lease et al, 2001; Ullah et al. , 2003) . 

2.3.2.2 Regulation of ion channels 

Regulation of ion channels by heterotrimeric G-protein subunits is well estab- 
lished in mammalian cells (Brown and Birnbaumer, 1990). As in animal cells, 
heterotrimeric G proteins regulate ion fluxes across plant cell membranes. In 
an early study conducted in Viciafaba guard cells by patch clamping, applica- 
tion of GDP(3S, a GDP analog that promotes the inactive state of G proteins, 
increased current through inwardly rectifying K + channels, while GTP7 S, a 
nonhydrolyzable GTP analog that locks G proteins in the active state, de- 
creased inward K + current (Fairley-Grenot and Assmann, 1991). Subsequent 
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electrophysiological experiments additionally supported involvement of het- 
erotrimeric G proteins in regulation of K + channels in higher plants (Li and 
Assmann, 1993; Wu and Assmann, 1994; Saalbach et al, 1999). 

In wild-type Arabidopsis plants, ABA inhibits inward K + channels in guard 
cells, an effect that contributes to inhibition of stomatal opening by ABA. 
However, loss of GPA1 abolishes the inhibition of the inward K + channels 
by ABA (Wang et al, 2001). A similar impairment in the gpal mutants is loss 
of inhibition of inward K + channels by SIP, a lipid metabolite that is both 
a second messenger for ABA in plants and a ligand for specific GPCRs in 
mammalian systems (Spiegel and Milstein, 2003; Coursol et al, 2003). Be- 
cause ABA activates sphingosine kinase in plants, leading to increased SIP 
production (Coursol et al, 2003), these results imply a signal transduction 
chain extending from ABA through sphingosine kinase, SIP and then GPA1 
to the downstream target consisting of inward K + channels. SIP and the re- 
lated metabolite, phyto-SIP, also alter stomatal apertures in a manner similar 
to that of ABA, and the influence on stomatal apertures of these lipid metabo- 
lites is diminished in gpal mutants (Ng et al., 2001; Coursol et al., 2003; Coursol 
et al, 2005). 

Besides K + channels, regulation of anion channels and Ca 2+ -permeable 
channels is also mediated by heterotrimeric G proteins in plant cells. SIP, like 
ABA, activates slow anion channels in wild-type Arabidopsis guard cells, and 
the activation of slow anion channels by SIP is attenuated in the gpal mutants 
(Wang et al, 2001; Coursol et al, 2003). In membrane patches from tomato pro- 
toplasts, race-specific fungal elicitors activate Ca 2+ -permeable channels (Gelli 
et al, 1997). This activation of the Ca 2+ channels by the fungal elicitors is at- 
tenuated by application of the G-protein inhibitor GDP(3S, whereas G-protein 
activators GTP7 S and mastoparan mimic the stimulatory effect of fungal elic- 
itors on the Ca 2+ channels, implying possible involvement of heterotrimeric 
G proteins in activation of the Ca 2+ channels by the fungal elicitors. Consis- 
tent with these results, application of recombinant TGA1 protein to tomato 
plasma membrane patches increases the open probability of the Ca 2+ chan- 
nels while channel conductance remains unchanged. A constitutively active 
form of TGA1 has a more significant stimulatory effect than the wild-type 
form (Aharon et al. 1998). 

2.3.2.3 Plant hormone action 

Early pharmacological experiments implicated heterotrimeric G proteins in 
plant hormone signaling (Ma, 1994; Hooley, 1998; Fujisawa et al, 2001). 
Through phenotypic analysis of loss-of-function heterotrimeric G-protein 
mutants, there is extensive evidence that heterotrimeric G proteins play 
important roles in multiple phytohormone signaling cascades (Assmann, 
2002; Jones and Assmann, 2004; Perfus-Barbeoch et al, 2004). 

Auxins. Early experiments using rice coleoptile membranes demonstrated 
that indole-3-acetic acid (IAA), an auxin, increased GTP7S binding and 
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stimulated GTPase activity (Zaina et ah, 1990; Zaina et ah, 1991), suggesting a 
possible involvement of heterotrimeric G proteins in auxin signal transduc- 
tion in rice. Auxin rapidly induces expression of GPA1 and inhibits expression 
of AGB1 via a G-protein-independent pathway indicating crosstalk between 
different auxin signaling pathways (Ullah et ah, 2003). Multiple approaches 
showed that G proteins mediate auxin regulation of cell division and possibly 
also indirectly modulate auxin-regulated cell expansion. Overexpression of 
Arabidopsis GPA1 in synchronized tobacco BY-2 cells results in advancement 
of a greater percentage of cells to the G2 phase, and a similar effect was in- 
duced by applying the auxin analog 2,4-D (Ullah et ah, 2001). Based on the 
phenotypes of agbl mutant plants, AGB1 is a negative regulator for auxin- 
regulated cell division (Ullah et ah, 2003). More lateral roots are produced in 
the agbl null mutants than corresponding wild-type plants. Application of 
NAA, an auxin analog, to the agbl mutants elicits more lateral root primordia 
than in the wild-type plants. Similar effects of NAA on adventitious roots are 
also observed in hypocotyl explants of the agbl mutants. 

Both aggl and aggl mutants showed increased sensitivity to induction of 
lateral roots by auxin; however, the hypersensitivity of aggl and aggl to auxin 
was attenuated or impaired by inhibition of acropetal or basipetal auxin trans- 
port respectively, suggesting a role of Gp7 1 in modulating induction of lateral 
roots by acropetally transported auxin and of G(3-y2 in modulating induction 
of lateral roots by basipetally transported auxin (Trusov et ah, 2007). In an- 
other study, overexpression of a truncated version of AGG1, which lacks the 
C-teminal CAAX isoprenylation motif and therefore has its membrane an- 
chor disrupted (thus presumably disrupting membrane targeting of the P7 
dimer), leads to increased lateral roots and primordia, a phenotype shared 
by agbl mutants (Chakravorty and Botella, 2007). Because the agbl and gpal 
null mutants still retain significant responsiveness to auxin (Ullah et ah, 2003), 
heterotrimeric G proteins most likely participate in auxin signaling by mod- 
ulating hormone sensitivity. 

Gibberellins (GA). Genetic evidence from studies of rice and Arabidopsis G- 
protein mutants confirms involvement of heterotrimeric G proteins in gib- 
berellin signaling. In rice, a gibberellin-insensitive dwarf mutant, dwarf 1 
{dl), turned out to be caused by a mutation in a rice Got subunit gene, 
RGA1 (Ashikari et ah, 1999). Transgenic reduction of RGA1 mRNA (Ishikawa 
et ah, 1995; Seo et ah, 1995) results in dwarfism in rice (Fujisawa et ah, 1999). 
Application of 10 -7 M or lower concentrations of GA3 to embryo-less half 
seeds results in an induction of a-amylase activity and OsGAmyb transcript in 
wild-type rice, but very low or no induction in the dl mutant (Ueguchi-Tanaka 
et ah, 2000). GA-induced internode elongation is also significantly slower in 
the dl mutant than in the wild type. However, high concentrations of GA3 
(10 -4 M or higher) produce the same induction of a-amylase activity in both 
the dl mutant and wild-type rice, suggesting that a Ga-independent GA- 
signaling pathway is present in rice at high GA concentration. The genetic 
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evidence from the dl rice mutants confirms an implication from pharma- 
cological experiments that heterotrimeric G proteins are involved in in- 
duction of a-amylase gene transcription in wild oat aleurone (Jones et ah, 

1998) . 

In Arabidopsis, loss-of-function gpal mutants are 100-fold less sensitive to 
GA3 in seed germination than wild type, while ectopic overexpression of 
GPA1 makes seed germination at least a million-fold more responsive to GA3 
than wild type (Ullah et ah, 2002). Yet, even for lines that ectopically overex- 
press GPA1, GA remains essential for seed germination, indicating that GPA1 
modulates GA signaling, rather than serving as a direct transducer of this 
hormone (Ullah et ah, 2002). Similarly, loss-of-function agbl and gcrl mutants 
also show less sensitivity to GA3 in seed germination (Chen et ah, 2004a). The 
effects of gpal, agbl, and gcrl on GA hyposensitivity are additive or synergis- 
tic, as shown by analysis of their double and triple mutants, indicating that 
besides the G-protein-dependent pathway, GCR1 may also modulate GA sig- 
naling in seed germination via a G-protein-independent pathway (Chen et ah, 
2004a). 

Abscisic acid (ABA). GPA1 appears to be positively involved in mediating 
aspects of guard cell ABA response but is a direct or indirect negative regulator 
for ABA responses in other cell and tissue types, as schematized in Fig. 2.4. 
As discussed earlier, GPA1 is involved in inhibition of guard cell inward K + 
channels and slow anion channels by ABA and thus the inhibition of stomatal 
opening by ABA. The lipid metabolite, SIP, and its relative, phyto-SIP, also 
alter stomatal apertures in a manner similar to that of ABA, and the influence 
on stomatal apertures of these lipid metabolites is diminished in gpa 1 mutants 
(Ng et ah, 2001 ; Coursol et ah, 2003, 2005), suggesting that a sphingosine kinase 
functions upstream of GPA1 in guard cell ABA signaling. 

GPA1 physically interacts with PLDal (Zhang et ah, 2004), a phospholipase 
that produces phosphatidic acid (PA). ABA activates PLD activity (Jacob et ah, 

1999) and PA inhibits inward K + channels and stomatal opening in wild-type 
plants (Jacob et ah, 1999; Mishra et ah, 2006). PA inhibition of stomatal opening 
is abrogated in gpal mutants, indicating that PA acts upstream of GPA1 to 
promote ABA-linked inhibition of stomatal opening. In response to ABA, 
plda.1 single mutants, gpal single mutants, and pldal gpal double mutants 
all exhibit similar ABA hyposensitivity of stomatal opening, again consistent 
with the idea that PLDal acts upstream and / or at the level of GPA1 . However, 
because PLDal also accelerates the GTPase activity of GPA1, a second effect of 
PLDal is as a negative regulator of GPA1: when wild-type PLDal is replaced 
by a mutant form of PLDal with a 10-fold lower affinity for GPA1, stomatal 
opening becomes hypersensitive to ABA (Mishra et ah, 2006). Thus, PLDal 
has both negative and positive roles in G-protein-mediated ABA inhibition 
of stomatal opening. PLDal-produced PA binds to the ABI1 PP2C to signal 
ABA-promoted stomatal closure, whereas PLDal and PA interact with GPA1 
to mediate ABA inhibition of stomatal opening. 
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Figure 2.4 Diverse roles of C-protein components in ABA signaling in Arabidopsis. GPA1 
acts in guard cells as a positive regulator of ABA inhibition of stomatal opening; however 
in other tissue types, GPA1 and/or AGB1 acts as a negative regulator of ABA action. In 
guard cells, GPA1, as a positive regulator, mediates both inhibition of inward K + channels 
and activation of anion channels by ABA, which are required for ABA inhibition of 
stomatal opening. ABA activates GPA1 through sphingosine-1 -phosphate (S1 P) and/or 
phosphatidic acid (PA), which are produced by two processes catalyzed respectively by 
sphingosine kinase (SphK) and phospholipase Dal (PLDal). PLDal also has a negative 
effect on GPA1 via elevation of its GTPase activity; this figure is a simplification of a more 
complex model (see Zhang et al., 2004; Mishra et al., 2006). AGB1 negatively regulates 
ABA inhibition of both root elongation and seed germination, and GPA1 may play an 
indirect role in the two responses through modulating availability of AGB1 . Both GPA1 
and AGB1 negatively regulate ABA-induced gene expression in young seedlings. GCR1 
negatively regulates all these physiological processes. AtRGSI positively affects ABA action 
by up-regulating expression of genes required for ABA biosynthesis (such as NCED3 and 
ABA2), thus contributing to ABA inhibition of both root elongation and seed germination. 
Arrows indicate positive regulation and blunted arrows indicate negative regulation. 
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While gpal guard cells are hyposensitive in some ABA responses, seed 
germination of the gpal null mutants is more sensitive to ABA (Ullah et al, 
2002; Lapik and Kaufman, 2003; Pandey et al, 2006), and gpal seedlings also 
show hypersensitivity to ABA inhibition of primary root growth, and to ABA 
induction of stress gene expression (Pandey et al., 2006). In contrast, GCR1 
consistently acts as a negative regulator of ABA sensitivity in all responses 
assayed: stomatal apertures, root elongation, and gene expression. A detailed 
comparison of germination, root growth, and gene expression responses in 
gpal, agbl, and gcrl single mutants, as well as all double (agbl gpal, gcrl 
gpal, agbl gcrl) and triple (agbl gcrl gpal) mutant combinations, reveals ABA 
hypersensitivity to these three responses in all these genotypes (Pandey and 
Assmann, 2004; Pandey et al, 2006). 

For germination and root growth inhibition, single, double, and triple mu- 
tants containing an agbl allele show stronger hypersensitivity to ABA than 
do mutants containing a gpal allele, suggesting that AGB1 and its down- 
stream effectors play the predominant role in these ABA responses, and that 
GPA1 modulates this pathway through controlling the availability of free fiy 
subunits. However, such a clear dichotomy is not seen for gene regulation, 
suggesting that gene regulation probably occurs through both GPA1- and 
AGBl-based pathways. 

Brassinosteroids (BR). The gpal, agbl, and gcrl single mutants all show de- 
creased sensitivity to BR in seed germination relative to wild type, suggesting 
that heterotrimeric G proteins participate in, or modulate, BR signaling (Ullah 
et al, 2002; Chen et al, 2004a). In root elongation inhibition assays and coleop- 
tile elongation analysis, the loss-of-function mutant of rice G-protein a sub- 
unit (RGA), dl, also displayed reduced sensitivity to BR (Wang et al, 2006b). 
When gcrl is combined with gpal or agbl in double or triple mutant combi- 
nations, the hyposensitivity to BR increases (Chen et al, 2004a). This result is 
unexpected if GCR1 is signaling solely via the heterotrimer, and therefore im- 
plies that, just as for GA signaling, GCR1 may modulate BR signaling during 
seed germination via both G-protein-dependent and G-protein-independent 
pathways (Chen et al, 2004a). 

Ethylene gpal mutant seeds retain wild-type sensitivity to 1- 
aminocyclopropane-l-carboxylate (ACC), an immediate precursor for 
ethylene, in a seed germination assay (Ullah et al, 2002), therefore it was 
proposed that GPA1 does not couple ethylene regulation of sugar inhibition 
of germination (Ullah et al, 2002). However, there is pharmacological 
evidence that G proteins may have a role in ethylene-mediated leaf abscis- 
sion, presumably through regulation of ACC synthase and ACC oxidase 
expression (Yuan et al, 2005). 

jasmonic acid, agbl mutants have decreased sensitivity to a number of methyl 
jasmonate-induced responses including induction of the plant defensin gene 
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PDF1.2, inhibition of root elongation, and seed germination, whereas gpal 
mutants display increased sensitivities (Trusov et al, 2006). Therefore, it is 
proposed that jasmonic acid signaling is mainly influenced by AGB1 but not 
by GPA1, and that AGB1 acts as a direct or indirect enhancer of jasmonate 
signaling (Trusov et al, 2006). Consistent with this hypothesis, impaired inhi- 
bition of root elongation by MeJA was also found in the aggl mutants, albeit 
not in the agg2 mutant (Trusov et al, 2007). 

2.3.2.4 Sugar sensing and response 

Arabidopsis G-protein a and |3 subunits mutants, gpal and agbl, are hypersen- 
sitive to high concentrations of D-glucose in seed germination, early seedling 
development, and root growth (Ullah et al, 2002; Huang et al, 2006; Pandey 
et al., 2006), indicating that G proteins are involved in sugar sensing. Con- 
sistent with this premise, overexpression of a constitutive active form of 
GPA1 (GPA1 QL ) confers D-glucose hyposensitivity (Huang et al, 2006). As 
would be predicted, null mutants of AtRGSl, a negative regulator of G- 
protein signaling, are D-glucose insensitive, and overexpression of AtRGSl 
confers hypersensitivity to high concentrations of D-glucose (Chen et al , 2003, 
2006c; Chen and Jones, 2004). Because sugar metabolism and phosphory- 
lation by hexokinase (HXK) are not required for AtRGSl -mediated sugar 
signaling, it was proposed that AtRGSl functions in a HXK-independent 
glucose signaling pathway (Chen and Jones 2004). Hypersensitivity to D- 
glucose was also observed in loss-of-function mutants of THF1, a GPA1- 
interacting protein (Huang et al, 2006). Because THF1 is a plastid protein, 
and acts downstream of the plasma membrane-localized GPA1, these find- 
ings suggest that sugar signaling occurs between plastids and the plasma 
membrane. 

G proteins also have a role in sugar transport. A Golgi-localized hexose 
transporter, suppressor of G(3 (SGB1), was identified from a genetic screen for 
AGB1 modifiers that could suppress the altered cell division in the hypocotyl 
and glucose hypersensitivity of the agbl-2 mutant (Wang et al, 2006a). SGB1 
has a similar tissue expression pattern as that of AGB1, and its expression in- 
creases in the presence of D-glucose or sucrose. Interestingly, in the absence of 
exogenous sugar, SGB1 traffics to small vesicular compartments suggestive 
of the trans-Golgi network and the addition of sugar collapses these vesi- 
cles to the Golgi proper. Loss-of-function mutants of SGB1 phenocopy agbl-2 
mutants, whereas overexpression of SGB1 suppresses the cell division and 
sugar hypersensitivity of agbl-2 mutants. These findings provide genetic evi- 
dence that SGB1 acts together with AGB1 in regulating sugar transport. These 
findings establish SGB1 as the first potential effector protein for AGB1, al- 
though it is yet to be determined if SGB1 physically interacts with AGBl. 
This is the first report of a Golgi-localized transporter and the first example 
linking sugar transport to G-protein signaling. 

One Gy subunit mutant, aggl, is hypersensitive to both high concentration 
of glucose and mannitol in seed germination while the other G7 mutant, agg2, 
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is only hypersensitive to high concentration of glucose but not to mannitol. 
These sensitivities are dependent on light intensity (Trusov et al, 2007), and 
provide further evidence that G-protein signaling is involved in sugar sensing 
and response. 

2.3.2.5 Light 

Heterotrimeric G proteins were suggested to modulate signal transduction 
by phytochrome and blue light photoreceptors, based on early experiments 
with GTP analogs and bacterial toxins (Warpeha et al, 1991; Muschietti et al, 
1993; Neuhaus et al, 1993; Raghuram et al, 1999). 

When grown in darkness, loss-of-function gpal and agbl mutants, but not 
gcrl mutants, exhibit shorter hypocotyls, a partial de-etiolation phenotype 
(Ullah et al, 2001, 2003; Jones et al, 2003; Chen et al, 2004a), which suggests 
a possible connection between heterotrimeric G proteins and photomor- 
phogenesis. Okamoto et al. (2001) overexpressed both wild type (wGa) and 
constitutively active (cGct) forms of GPA1 in Arabidopsis under control of a 
DEX-inducible promoter and tested responses of one overexpression line for 
each construct to different wavelengths of light. Under continuous 10 (xmol 
m -2 s _1 white light, induction of either wGa or cGa by DEX caused shortened 
hypocotyls compared with empty vector control lines, while no difference 
was observed when these seedlings were grown in darkness. It was suggested 
that overexpression of wGct and cGa led to hypersensitivity of hypocotyls to 
white light. However, in a study with loss-of-function gpal and agbl single 
mutants as well as gpal agbl double mutants, all these mutants showed the 
same sensitivity to red and far-red light as the wild-type plants (Jones et al, 
2003). This result ruled out the possibility that heterotrimeric G proteins are 
directly involved in red and far-red light-mediated hypocotyl growth (Jones 
et al, 2003). By contrast, as discussed above, PD1, a GPAl-interacting protein, 
has a specific role in blue light-mediated synthesis of phenylpyruvate and 
phenylalanine (Warpeha et al, 2006). Because PD1 activity is doubled by 
active GPA1, it is likely that a GPA1-PD1 signaling complex regulates the blue 
light-mediated synthesis of phenylpyruvate, phenylalanine, and metabolites 
derived from phenylalanine. GCR1, GPA1, AtPirinl and a nuclear factor 
Y (NF-Y) complex transcription factor participate in a signaling cascade 
that mediates both blue light and ABA responses in Arabidopsis (Warpeha 
et al., 2007). 

2.3.2.6 Biotic and abiotic stress 

As mentioned earlier, heterotrimeric G proteins may be involved in fungal 
elicitor-induced activation of Ca 2+ channels in tomato (Gelli et al, 1997). 
A study with the rice Get defective mutant dl provided evidence that het- 
erotrimeric G proteins play a part in the response to rice blast fungus Magna- 
porthe grisea (Suharsono et al, 2002). An increase in Ga transcript is induced 
by the fungus in wild- type rice but not in the dl mutant. Application of 
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sphingolipids, which are rice blast elicitors, also results in an increased Ga 
transcription in wild-type rice plants (Suharsono et ah, 2002). 

Corresponding to a reduction in the hypersensitive response of the dl mu- 
tants to infection with an avirulent strain of rice blast (observed as a reduction 
in HR-induced cell death), induction of two rice PR genes known to be in- 
volved in pathogen responses is delayed in the dl mutants compared with the 
wild-type rice plants. Application of sphingolipid elicitors promotes release 
of reactive oxygen molecules (ROS) signaling elements in plant pathogen de- 
fense responses, and boosts the transcription of the PR gene, PBZ1, in wild 
type, but has no significant effect in the dl mutants (Suharsono et al., 2002). 
Sphingolipid activation of a defense-related MAPK, OsMAPK6, is also re- 
duced in dl plants. A small GTPase, OsRACl, functions upstream of both 
OsMAPK6 and ROS production during the HR response of wild-type plants; 
a reduction in OsRACl transcript levels occurs in dl plants, and this effect may 
thus account for the reduced activation of downstream defense molecules 
(Lieberherr et al., 2005). Together, these data indicate that the Ga subunit is an 
important player in the hypersensitive response of rice to avirulent rice blast 
fungus (Assmann, 2005). 

In Arabidopsis, agbl mutants show enhanced susceptibility to the 
necrotrophic fungus Plectosphaerella cucumerina, whereas gpal mutants show 
enhanced resistance to this pathogen (Llorente et ah, 2005). Consistent with 
these observations, agbl and aggl (but not agg2) mutants are also impaired 
in defense response to the necrotrophic pathogens Alternaria brassicicola 
and Fusarium oxysporum, whereas gpal mutants display increased resistance 
(Trusov et al., 2006; Trusov et al., 2007), suggestive of the involvement of GPA1 
and G(3~y 1 (but not G$y2) in responses to these fungus pathogens. In contrast, 
both agbl and gpal mutants have wild-type response to inoculation with vir- 
ulent (DC3000) and avirulent (JL1065) strains of Pseudomonas syringae (Trusov 
et al., 2006). These findings may suggest that heterotrimeric G proteins have 
a regulatory role in plant-fungal interactions, whereas some plant-bacterial 
interactions may be independent of heterotrimeric G proteins. 

Heterotrimeric G proteins also play roles in plant responses to abiotic 
stresses. Heterotrimeric G-protein involvement in signaling by the stress hor- 
mone, ABA, was discussed previously. Overexpressing the Pisum sativum Gal 
and Ga2 subunits in tobacco confers tolerance of the transgenic plants to both 
salinity and heat, while overexpressing P. sativum G(3 in tobacco only confers 
heat tolerance (Misra et al, 2007). Booker et al. (2004) used Arabidopsis gpal, 
agbl, gcrl, and Atrgsl single mutants plus gpal agbl double mutants to test 
responsiveness to ozone. Following a chronic ozone treatment, consisting of 
12 days of 100 nmol mol -3 ozone treatment, two alleles of gpal mutants and a 
gpal agbl double mutant did not exhibit the leaf curling shown by wild-type 
rosette leaves. This amount of ozone is physiologically relevant in that large 
cities in the US can experience this level during the summer months. How- 
ever, after treatment with higher concentrations of ozone (175 and 250 nmol 
mol~ 3 ), no significant differences were detected among these genotypes in 
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terms of damage that ozone caused to rosette leaves. In another study by Joo 
et al. (2005), an acute ozone treatment consisting of 350 nmol mol~ 3 ozone for 
6 h triggered transient increase of both GPA1 and AGB1 transcripts 1 h later. 
A difference between the two genes is that after ozone treatment, the GPA1 
gene had two expression peaks, while the AGB1 gene had only one. After 
acute exposure to 500 or 700 nmol mol~ 3 ozone for 3 h, the gpal-4 mutant 
displayed fewer lesions and less damage than the wild-type plants, while the 
agbl-2 mutant showed more severe phenotypes than the wild type, revealing 
roles for G proteins in acute oxidative stress. Joo et ah (2005) detected two ox- 
idative bursts of H2O2 (one of the reactive oxygen species [ROS]) in response 
to ozone treatment in wild-type plants. The agbl mutant is defective in the 
first H202burst, while the gpal mutant lacks both bursts. 

AGB1 is also involved in regulation of unfolded protein response (UPR)- 
associated cell death (Wang et ah, 2007). Activation of the UPR by the antibi- 
otic tunicamycin, a protein glycosylation inhibitor, prompts programmed cell 
death, and this cell death response is attenuated in the agbl mutant. Regu- 
lation of UPR-associated cell death by AGB1 is probably independent of a 
Gctf}"/ heterotrimer, since the gpal mutant shows a wild-type-like response to 
tunicamycin-induced cell death. 

2.3.3 Heterotrimeric G protein signaling models in 
higher plants 

As for mammalian heterotrimeric G-protein signaling, plant Ga subunits bind 
and hydrolyze GTP, and GTPase activity is regulated by an RGS protein. Also 
similar to mammalian systems, some plant G-protein-regulated pathways ap- 
pear primarily dependent on Ga, and others on G(3. For example, the shape 
of rosette leaves is affected similarly by loss of GPA1 or AGB1, and the double 
mutant exhibits a similar phenotype as the single mutants, consistent with 
a Ga-based signaling pathway in which loss of AGB1 disrupts GPA1 cou- 
pling with receptor or effector proteins. By contrast, other plant responses, 
e.g., lateral root formation, are much more severely affected by AGB1 knock- 
out than GPA1 knockout, and the double gpal agbl mutants exhibit a similar 
phenotype as the agbl single mutants (Chen et ah, 2006a), consistent with a 
signaling pathway primarily dependent on G(3 in which AGB1 acts down- 
stream of GPA1, and loss of GPA1 releases the sequestration of AGB1 by 
GPA1 . The studies of overexpression of GPA1 or AGB1 in agbl or gpal mutant 
backgrounds provide evidence that the heterotrimer functions as a negative 
modulator for cell production in the primary root (Chen et al., 2006a). 

One aspect where the classical model appears to diverge between metazoan 
systems and plants is in the absence of numerous GPCRs with conserved se- 
quence similarity to mammalian GPCRs, and in the small number of Ga and 
G(3 subunits and RGS proteins. Considering the existence of about 50 putative 
7TM domain proteins in Arabidopsis (Schwacke et al, 2003; Moriyama et ah, 
2006) and only two G-protein heterotrimer combinations in Arabidopsis and in 
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rice, plants may take advantage of novel types of GPCRs to achieve specificity 
in their regulation. In addition, crosstalk in plant cell signaling (Genoud and 
Metraux, 1999; Gazzarrini and McCourt, 2003) makes it more complicated 
to identify signaling pathways that are directly regulated by heterotrimeric 
G proteins in plants. For example, it appears that neither the auxin-induced 
cell division negatively regulated by AGB1 nor the GA-induced seed ger- 
mination positively regulated by GPA1 is a direct effect of AGB1 or GPA1, 
because loss of GPA1 or AGB1 confers altered sensitivity but not complete 
insensitivity. 

On the other hand, there is the possibility that a noncanonical heterotrimeric 
G-protein signaling model may also operate in plant cells. As discussed pre- 
viously, GCR1 may act independently of GPA1 and AGB1 in GA and BR- 
regulated seed germination (Chen et ah, 2004a). Whether the converse mech- 
anism, namely, receptor-independent heterotrimeric G-protein signaling, also 
operates in plant systems awaits further investigation. Moreover, the unique 
structure of AtRGSl suggests that plants may have a receptor GAP, which 
has not been described in other eukaryotes. 

There is also the possibility that plants employ unique G-protein signaling 
mechanisms. The presence of unconventional Ga proteins in plants, such as 
extra-large GTP-binding proteins (XLGs) (Lee and Assmann, 1999; Assmann, 
2002; Ding et ah, 2008), may highlight this possibility. No homologs to these 
proteins have been found in nonplant genomes to date. There are three XLG 
proteins encoded in the Arabidopsis genome and four XLG homologs in rice. 
Of these seven, Arabidopsis XLG1 has been studied in greatest detail. The 
predicted open reading frame (ORF) of the XLG1 cDNA encodes a 99-kDa 
protein composed of 888 amino acids. The C-terminal region of the protein is 
32% identical and 54% similar to GPA1. This C-terminal region also has ~26% 
identity and ~50% similarity with yeast and mouse Ga proteins. Besides the 
Ga region, XLG1 also has a 400+ amino acid N-terminal region with no sig- 
nificant homology to any proteins, other than to other XLG family members. 
The N-termini of the three Arabidopsis XLG proteins share conservation of a 
cysteine-rich region and a nuclear localization signal. Not all functional mo- 
tifs are equally conserved within the Ga-like domain of the XLGs (Temple 
and Jones, 2007). The P-loop shows some variation from the canonical form 
in all seven of the XLGs, with AtXLG2 and two of the rice XLGs showing 
the most divergence. In the region corresponding to the DxxGQ motif, not 
all XLGs have the D, G, and Q residues that are conserved in canonical Gas. 
The NKxD motif is invariant in all XLGs except for one rice XLG protein and 
AtXLG2. All three switches in the XLGs show significant modification from 
the canonical form. Switch I has a 15-residue insert in the middle, and shows 
little sequence conservation with the canonical form. Switch II of the XLGs 
has a single-residue insert in the middle of a highly conserved region and 
otherwise shows significant divergence in sequence. Similarly, switch III is 
quite divergent from the canonical switch III and has undergone both dele- 
tions and mutations depending on the particular XLG. Recombinant XLG1 
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protein expressed in E. coli binds GTP~7- 35 S and the binding of GTP-7- 35 S 
by XLG1 can be competed by cold GTP but much less so by ATP, indicating 
that XLG1 specifically binds GTP (Lee and Assmann, 1999). However, to date 
there is no evidence that XLG1 interacts with AGB1, so whether the XLG 
proteins participate in heterotrimeric G-protein signaling remains an open 
question. 

With respect to plant-specific G(3 sub units, it was originally proposed that 
another seven- WD40 repeat protein, RACK1A, could also be a G-protein 
(3 subunit (Ishida et ah, 1993). RACK1A was originally cloned as an auxin- 
inducible gene (Ishida et ah, 1993), and the RACK1 A protein has very similar 
domain structures to G(3. However, data from molecular modeling reveal that 
Arabidopsis RACK1A protein lacks the N-terminal helix of G(3 that is critical 
for G7 interaction (Chen et ah, 2006b). In addition, RACK1 A does not interact 
with the sole Arabidopsis Ga in a yeast split-ubiquitin assay (Chen et ah, 2006b). 
Therefore, it is unlikely that RACK1A could function as a G(3. Interestingly, 
in mammalian cells, RACK1 protein can physically bind the GP7 dimer and 
Ga(37 trimer, and regulate specific functions of G(3-y, such as GP7-mediated 
activation of phospholipase C(32 and adenylyl cyclase (Chen et ah, 2004b). 
It has yet to be determined if RACK1A could also regulate GP7 function in 
plants. 

2.4 Conclusions and future directions 

Although it has been established that heterotrimeric G proteins play regu- 
latory roles in multiple developmental processes and hormone responses in 
plants, the upstream (presumably GPCR) and downstream (effector) com- 
ponents in G-protein signaling pathway remain largely elusive. GPCRs are 
proteins that typically have 7TM domains. So far, two such proteins, GCR1 
and AtRGSl, have been shown to physically bind GPA1 (Chen et al, 2003; 
Pandey and Assmann, 2004). However, no ligand has been identified for 
either GCR1 or AtRGSl. Sphingosine kinase and its product, SIP, appear to 
be upstream intermediaries in GPAl-based ABA response. There are sev- 
eral proteins that can act as direct downstream effectors for GPA1, including 
AtPirinl (Lapik and Kaufman, 2003), PLDal (Zhao and Wang, 2004), PD1 
(Warpeha et ah, 2006), and THF1 (Huang et ah, 2006), all of which have been 
shown to directly interact with GPA1. K + , Ca 2+ , and anion channels are also 
targets of GPA1 signaling. SGB1 is the only putative downstream effector 
for AGB1 identified at this time (Wang et ah, 2006a). The complete cascade 
in any given developmental process or hormonal modulation mediated by 
heterotrimeric G proteins remains unknown. The field is wide open for identi- 
fication of the mechanisms by which G proteins regulate phenotypic plasticity 
(Assmann, 2002). Future studies are expected to reveal additional upstream 
and downstream components of heterotrimeric G-protein signal transduction 
pathways. 
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Abstract: Rho-family small GTPases are monomeric guanine nucleotide-binding 
proteins that act as key molecular switches in the regulation of many important 
cellular processes. ROP (Rho-related GTPase from plants)/RAC is a plant-specific 
subfamily of Rho GTPases that plays a versatile role in the regulation of plant 
growth, development, and responses to the environment. Plant ROP/RAC proteins 
share conserved structural features, cellular functions, and functional partners with 
their counterparts in fungi and animals. However, plant ROP/RAC GTPases con- 
tain unique structural motifs not present in their fungal and animal counterparts. 
Furthermore, recent studies have revealed several classes of plant-specific regula- 
tors and effector proteins for the ROP subfamily of Rho GTPases. Several ROP- 
dependent signaling networks have also emerged from the investigation of ROP- 
interacting proteins. This chapter summarizes our current knowledge of ROP / RAC 
signaling mechanisms and pathways/networks in the two model plant systems, 
Arabidopsis and rice. 

Keywords: G proteins; small GTPases; cell polarity; cytoskeleton; hormones; 



3.1 Introduction 



Small guanine nucleotide-binding proteins (or GTPases), belonging to the 
Ras superfamily of monomeric G proteins, are structurally related to the het- 
erotrimeric G-protein a subunit (Get) (see Chapter 2). Small GTPase and Ga 
share a conserved Ras-like GTPase domain (G-domain), the minimal signal- 
ing unit that carries out the function of nucleotide binding and hydrolysis in 
most GTPases. Like heterotrimeric G protein, small GTPases cycle between 
the "OFF" (GDP-bound) and "ON" (GTP -bound) states. However, several 
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aspects distinguish small GTPases from heterotrimeric G proteins. First, small 
GTPases do not have the independently folding a-helical domain, nor the 
Asp/Glu-rich loop found in Ga subunits. Second, in contrast to the het- 
erotrimer as a functional structure in heterotrimeric G proteins, small GTPases 
are composed of a single protein as the basic signaling unit. As a result, they 
are also named monomeric G proteins. Third, instead of direct activation by 
transmembrane receptors as found for heterotrimeric G proteins, small GT- 
Pases are activated by intracellular signaling molecules, guanine nucleotide 
exchange factors (GEFs) that convert the GDP-bound inactive form into the 
GTP-bound active form. Fourth, the intrinsic GTPase activity of small GTPase 
is weak, underscoring the importance of GTPase-activating proteins (GAPs) 
for efficient GTP hydrolysis in small GTPase signaling. Fifth, Ga subunits 
usually remain associated with the plasma membrane (PM), but most small 
GTPases cycle between the PM and the cytosol, and only the PM-associated 
form can be activated by GEFs. Therefore, a cytosolic sequestering protein 
called guanine nucleotide dissociation inhibitor (GDI) plays a critical role in 
the regulation of small GTPase signaling. Last but not the least, the mechanism 
by which small GTPases regulate downstream effectors is distinct. Upon ac- 
tivation, small GTPases interact with multiple downstream effectors usually 
through its single effector domain. These unique structural and functional fea- 
tures underscore the importance of the diversity of their interacting partners 
in the signaling of small GTPases (Bourne et al., 1991 ; Vetter and Wittinghofer, 
2001; Yang, 2002; Wennerberg et al, 2005; Yang and Fu, 2007). 

The Ras superfamily is divided into five families (Ras, Rho, Rab, Arf, and 
Ran) with distinct structures and functions. Rho and Ras families can be di- 
rectly involved in relaying extracellular signals, whereas Arf, Rab, and Ran 
proteins usually participate in the control of fundamental cellular processes 
common to all eukaryotic cells including vesicle trafficking and RNA and 
protein transport through the nuclear pore. Ras GTPase homologs are ab- 
sent from plants, while Rho GTPases are found in all eukaryotic kingdoms. 
The Rho (Ras /zomologous) family was identified as a new member of the 
Ras superfamily in early 1990s. Rho GTPases are well known for their con- 
served function in the signaling pathways regulating the actin cytoskeleton. 
There are 22 members of Rho GTPases in mammals and 6 in the budding 
yeast (Hall, 1998; Wennerberg et al, 2005; Brembu et al, 2006; Brennwald and 
Rossi, 2007). 

Plants possess a single subfamily of Rho GTPases, termed ROPs (Rho- 
related GTPases from plants). Phylogenetic analysis suggests that ROPs 
evolved prior to the divergence of other three subfamilies of Rho GTPases 
from animals and fungi (Zheng and Yang, 2000; Vernoud et al, 2003). At 
the primary amino acid sequence level, ROPs are most similar to RACs and 
thus have also been referred to as RACs (Yang, 2002; Christensen et al, 2003; 
Vernoud et al, 2003). This chapter aims to summarize a wealth of knowledge 
on ROP/RAC signaling with regards to the structure, function, and regulation 
of these GTPases. 



66 ■ Intracellular Signaling in Plants 



3.2 Structural conservation and diversification 
3.2.1 The primary sequence 

Since the first plant homolog of Rho-related GTPases was discovered in the 
garden pea (Yang and Watson, 1993), other members of the ROP subfamily 
have been identified widely from different plant species, including the lower 
plant moss, gymnosperm, and angiosperm (Winge et ah, 2000; Brembu et ah, 
2006). Genome sequencing reveals 11 ROP genes in Arabidopsis and 7 in rice, 
and at least 9 ROP genes have been found in maize (Li et al., 1998; Winge et ah, 
2000; Christensen et al, 2003). 

The comparison of the primary amino acid sequence between ROP proteins 
with other Ras-superfamily small GTPases has been summarized in previous 
reviews (Zheng and Yang, 2000; Yang, 2002; Berken, 2006). Generally, there 
are five highly conserved sequence motifs (G1-G5), which have also been 
referred to as guanine nucleotide-binding domain I-IV and effector binding 
domain E (Yang, 2002) (Fig. 3.1a, Color plate 5). The Gl loop (domain I), also 
called the P loop, is responsible for the binding of the a- and (3-phosphate 
groups. The G3 loop (domain II) provides residues for binding Mg 2+ and 
the 7 -phosphate group. The G2 loop (E domain) is the site that effectors and 
GAPs bind. This domain also contains a conserved Thr residue responsible 
for Mg 2+ binding. The G5 loop (domain IV) recognizes the guanine base, and 
the G4 loop (domain III) contains Lys and Asp residues interacting with the 
nucleotide. Certain specific residues in guanine nucleotide-binding domains 
(Gl, G3, G4, and G5 or domain I-IV) are critical for the "ON/OFF" status of 
Rho GTPases. 

Sequence comparison among Rho family members reveals that ROPs are 
clearly distinct from RAC, RHO, and CDC42 and belong to a unique subfamily 
of Rho GTPases. Most striking differences are several conserved amino acid 
substitutions found in the GTP-binding motifs (Zheng and Yang, 2000; Yang, 
2002; Berken, 2006). Another significant difference is 2-4-amino acid deletion 
in the Rho insert region, a domain found only in the Rho GTPases of the 
Ras superfamily and proposed to function in effector interaction or effector 
activation (Bishop and Hall, 2000; Thapar et al, 2002; Berken, 2006). 

Within the plant kingdom, ROPs share over 70% amino acid similarity 
with each other and are divided into four phylogenetic groups I-IV (Zheng 
and Yang, 2000; Yang, 2002). The most variable region is located at the 
C-terminus. Those ROPs in group I (Arabidopsis ROP8), group III (ROP7, cot- 
ton GhRAC9, GhRAC13, rice OsROP5), and group IV (ROP1-ROP6, GhRACl, 
maize ZmROPB and ZmROPD) contain a signature motif CAAL (C, cys- 
teine; L, leucine; A, aliphatic amino acids) at the C-terminus. This motif is 
the target for geranylgeranyl transferase I (GGTase I). The prenylation of 
the cysteine residue in CAAL motif is involved in the anchoring of ROPs 
to cellular membranes. Group II ROPs (ROP9-ROP11, OsRACl-OsRAC4, 
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ZmROP6-ZmROP8) contain diverse prenylation sites having either farnesy- 
lation motif CAAX (X, any amino acid except for L) or the geranylgerany- 
lation motif CXX for GGTase II (Zheng and Yang, 2000; Yang, 2002). ROP11 
is an exception, which lacks a prenylation motif. Additional one or two cys- 
teine residues are found in the C-terminus of some proteins from group II 
and may be palmitoylated (Ivanchenko et ah, 2000). These post-translational 
modifications of the C-terminal region of ROPs are crucial for ROP membrane 
association, which is usually a prerequisite for the regulation of ROP GTPase 
activities (see below). 

3.2.2 The three-dimensional structure 

The crystal structure of Rho small GTPases and their regulators has been 
resolved for certain mammalian members (Vetter and Wittinghofer, 2001; 
Dvorsky and Ahmadian, 2004). Based on the crystal structure of the hu- 
man RAC1, a structure of Arabidopsis ROP4 was predicted (Berken, 2006). 
The predicted structure features the basic RAS GTPase a/ (3 fold, consist- 
ing of six stranded (3-sheets (pi— (36) and five helices (al-a5). Surprisingly, 
the resolution of the first crystal structure of a small GTPase in the plant 
kingdom (ROP9) reveals only four helices (al, a3-a5) surrounding the hy- 
drophobic core of six (3-sheets (Sormo et al., 2006). The a2 helix in the switch 
II region of human RHO, CDC42, and RAC GTPases is missing in ROP9. 
Probably due to a distinct serine residue (Ser68) in ROP9 instead of aspar- 
tic acid (Asp) in its human counterparts, the ROP9 switch II region cannot 
form a stable secondary structure. This flexibility together with the conserved 
SYR site in ROPs (instead of SYP site in other Rho GTPases) may facilitate 
ROP9's specific interaction with novel proteins in plants. However, this Ser 
residue is replaced by Asn residues in other ROPs, and thus it is possible 
that the structure of the switch II region for other ROPs varies from that of 
ROP9 and Rho GTPases from nonplant systems. Another remarkable dif- 
ference between ROP9 and human Rho proteins is found in the Rho inser- 
tion region. ROP9 has a shortened Rho insertion region (4-amino acid dele- 
tion), although it still forms a smaller insert helix (cti) (Sormo et al., 2006). 
The Rho insertion region was suggested to be responsible for binding to 
certain effectors (Bishop and Hall, 2000; Thapar et al, 2002; Berken, 2006); 
the unique feature of the primary and secondary structure in this region 
may imply that plants have specific signaling pathways not found in other 
systems. 

3.3 Physiological functions and downstream signaling 

Signaling small GTPases are important molecular switches that regulate a 
wide range of cellular processes and functions. In fungi and animal sys- 
tems, each cellular process is often coordinately controlled by several distinct 
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small GTPases. For example, cell polarity establishment in the budding yeast 
requires the coordination of Ras, CDC42, and RHO (Chant, 1999; Fu and Yang, 
2001). However, plants do not possess Ras homologs and RAC, CDC42, and 
RHO subfamilies of Rho GTPases. ROP is the sole subfamily of signaling 
small GTPases in plants. The solitude of ROP in small GTPase signaling in 
plants could explain why ROPs have emerged as signal integrators and co- 
ordinators of a wide range of signaling pathways that regulate fundamental 
developmental processes and responses to hormones, pathogens, and abiotic 
stimuli. 

3.3.1 ROPs and plant development 

3.3.1.1 Cell polarity control and polarized cell growth 

Cell polarity is critical for development in plants as in other organisms. For 
example, the formation of cell polarity is a prerequisite for asymmetric cell 
division that is a key mechanism for cell differentiation. In plants, polarized 
localization of the auxin efflux carriers PIN proteins to a particular side of the 
cell determines the direction of auxin flows and is required for the establish- 
ment of auxin concentration gradients. Cell polarity is also required for cell 
morphogenesis and is associated with the development of specialized cells, 
such as root hair initiation, pollen germination, and trichome morphogenesis. 
Because of lack of cell mobility and the presence of cell walls, cell morphogen- 
esis in plants strictly relies on the expansion of the cell surface in specific sites 
of the cell, i.e., polarized growth. Polarized growth is also essential for the 
formation of specialized cells, such as pollen tubes, root hairs, and trichomes. 
Studies over the last decade have shown that ROPs play an important role 
in the control of cell polarity, polarized growth, and cell morphogenesis in 
various cell types in plants (Yang, 2002; Berken, 2006). 

3.3.1.1.1 Pollen tubes. Immunolocalization studies indicate that ROPs are 
localized to the apical region of the PM in pea pollen tubes, providing the 
first hint that ROPs are involved in the control of cell polarity (Lin et al, 
1996). Pollen tubes expand by tip growth, an extreme form of polarized 
growth, in which vesicles are targeted to and fused with the apical region 
of the PM. Subsequently, it was shown that microinjected anti-ROP antibody 
inhibited pollen tube growth, suggesting that ROPs are required for polar- 
ized tip growth in pollen tubes (Lin and Yang, 1997). An essential role for 
ROPs in tip growth was further demonstrated using dominant negative (DN) 
forms of ROPs or loss-of-f unction approaches. Overexpression of DN-ropl 
or -rop5/AtRAC2 blocked pollen tube elongation in transgenic Arabidopsis 
plants or transiently transfected tobacco pollen (Kost et al, 1999; Li et al, 1999; 
Fu et al, 2001). In Arabidopsis, three closely related ROPs, ROP1, ROP3, and 
ROP5, are expressed in pollen (Li et al., 1998). Expression of an antisense RNA 
for the pollen-specific ROP1 weakly inhibited pollen tube growth in Arabidop- 
sis (Li et al, 1999), but expression of a ROP3 RNAi construct that presumably 
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silences all three ROPs completely blocked pollen tube growth (Lee and Yang, 
unpublished results) . Taken together, ROP1, ROP3, and ROP5 are functionally 
redundant in their control of pollen tube tip growth. 

Overexpression of wild-type ROP1 or ROP5 and a constitutively active 
form of these ROPs induced depolarization of cell growth in pollen tubes; 
that is, growth was not restricted to the tip any more (Kost et ah, 1999; Li 
et ah, 1999). These results suggest that a proper regulation of ROP activity 
is required for the control of cell polarity in pollen tubes. Using an active 
ROP1 reporter, it was shown that ROP1 activity is localized to the apical 
region of the pollen tube PM as an apical cap (Hwang et ah, 2005). Consistent 
with the requirement for ROP1 activity in the control of growth polarity, the 
ROP1 activity cap shows an interesting spatiotemporal dynamics. It oscillates 
along with pollen tube growth oscillation — an increase in the ROP1 activity 
is followed by an increase in the pollen tube growth rate. Disrupting the 
dynamics of the ROP1 activity cap causes growth depolarization as well as 
loss of growth oscillation (Hwang et ah, 2005). Growth depolarization induced 
by ROP1 overexpression is associated with the enlargement and stabilization 
of the apical cap of active ROP1. Further studies support the notion that the 
active ROP1 cap spatially determines the tip growth region and temporally 
drives tip growth (Hwang et ah, submitted). 

3.3.1.1.2 Root hairs. Development of root hairs can be divided into several 
stages: selection of root hair sites, bulge /swelling formation, transition from 
diffuse growth to tip growth, and continuous tip growth to form a hair-like 
structure (Fu and Yang, 2001; Jones et ah, 2002). An anti-ROP4 antibody de- 
tected ROPs at the root hair formation site and at the tip of swelling bulge 
(Molendijk et ah, 2001). GFP-ROP2, when expressed in a transgenic line to a 
low level, was also localized to the future site of root hair formation before 
any detectable swelling, and is maintained at the tip of bulge or elongating 
root hairs during remaining developmental stages 0ones et ah, 2002). These 
localization patterns support a role for ROP GTPases in the regulation of cell 
polarity establishment and maintenance throughout root hair development. 
Overexpression of ROP2, a group IV ROP expressed in root hairs, produced 
extra root hairs initiated at abnormal sites as well as multiple tips during 
tip growth, and expression of constitutive active (CA)-rop2 induced depo- 
larized growth in addition to additional and misplaced root hairs, further 
arguing a critical role for ROP2 in the regulation of cell polarity during root 
hair development (Jones et ah, 2002). On the contrary, overexpression of DN- 
rop2 inhibited both the initiation and maintenance of root hair tip growth 
(Jones et ah, 2002). Molendijk and coworkers also reported that expression of 
GFP-CA-rop4 and GFP-CA-rop6 led to depolarized growth in root hairs, but 
there is no direct evidence that ROP4 and ROP6 are expressed in root hairs 
(Molendijk et ah, 2001; Jones et ah, 2002). 

Recently, Jones and coworkers identified six novel genes involved in 
root hair morphogenesis by comparing transcriptomes in the root hair 
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differentiation zone between Arabidopsis wild-type and root hair de- 
fective mutant (rhd-2). These six genes (MRH1-MRH6) encode signal- 
ing proteins such as leucine-rich repeat (LRR) receptor-like kinases and 
glycosylphosphatidylinositol-anchored proteins. The latter hints a link be- 
tween lipid rafts and the regulation of root hair development. Interestingly, 
ROP6 and perhaps other ROPs have been suggested to localize to lipid rafts 
(Sorek et ah, 2007). Furthermore, mutants for some of these MRH genes show 
phenotypic resemblance to the ROP2 overexpression phenotype (e.g., mrh6 
displays wider root hair initiate site and root hair base) (Jones et ah, 2002, 
2006). Further studies to determine the relationship between these genes and 
ROPs may uncover new players in ROP signaling pathways underlying root 
hair development. 

3.3.1.1.3 Pavement cells. Unlike root hairs and pollen tubes, most cells in 
plants expand and develop into specific shapes by a form of polar growth, 
termed polarized diffuse growth. Diffuse growth occurs throughout the 
entire cell surface, whereas the polarity is controlled by cortical microtubule 
(MT)-mediated microfibril arrangement (Kropf et ah, 1998). Diffuse growth 
is unique to plants. The involvement of ROP2 in the bulge formation during 
root hair development suggests a role for ROPs in the regulation of diffuse 
growth (Jones et ah, 2002). The demonstration of ROP2 function in the regu- 
lation of pavement cell morphogenesis suggests a wider role for ROPs in the 
regulation of diffuse growth (Fu et ah, 2002). Arabidopsis leave pavement cells 
exhibit jigsaw-puzzle appearance (with pronounced interlocking lobes and 
indentations) and provide a multicellular model system to study the regu- 
lation of polarized diffuse growth. CA-rop2 expression triggered ectopic cell 
expansion that eliminates the indenting neck region, whereas DN-rop2 ex- 
pression caused an opposite effect, producing pavement cells with narrower 
neck regions and shorter lobes (Fu et ah, 2002). Similar to DN-rop2 expression, 
ROP2RNAi/rop4 double mutant dramatically restricted the expansion in the 
neck region and inhibited the elongation of the lobe (Fu et ah, 2002, 2005). 
Since ROP2RNAi/rop4 has stronger effect compared to either ROP2RNAi or 
rop4-l single mutants, ROP4 is believed to function redundantly to ROP2. 
Transiently expressed GFP-ROP2 was localized preferentially to the initia- 
tion and growth site of lobes. In vivo FRET (fluorescence resonance energy 
transfer) analysis between CFP-RIC4 (a ROP downstream effector that pref- 
erentially interacts with active form ROP2) and YFP-ROP2 provided evidence 
that ROP2 is activated at the initiation site and the tip of lobes (Fu et ah, 2005). 
These results clearly indicate ROP2 directs the position of polarized cell ex- 
pansion as found in the formation of root hair budges. It is interesting that 
the ROP2-mediated spatial regulation of diffuse growth in pavement cells in- 
volves two antagonistic signaling pathways: positive regulation of an F-actin 
promoting pathway required for lobe outgrowth, and negative regulation of 
an MT-promoting pathway that inhibits lobe outgrowth. The regulation of 
these cytoskeleton elements (F-actin and MTs) through ROP2 downstream 
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targets RIC4 and RIC1 (see below) provides further evidence for the role of 
ROP2 in regulating polarized diffuse growth in pavement cells (Fu et al, 2002, 
2005). 

3.3.1.2 ROP downstream signaling to the control of cell polarity 

An interesting question regarding the ROP regulation of cell polarity de- 
scribed above is how ROPs control cell polarity in both tip growing and 
diffusely growing cells, given they involve very different mechanisms for po- 
larized growth. Recent studies support the hypothesis that ROPs are able to 
coordinate a common pathway with various cell-type-specific downstream 
pathways, providing a unifying mechanism underlying polar cell growth in 
different systems (Fu et al, 2001, 2002, 2005; Gu et al, 2005; reviewed in Gu 
et al, 2004; Hwang et al, 2005; Berken, 2006; Uhrig and Hulskamp, 2006; Yang 
and Fu, 2007). In fact, such a unifying mechanism is extended to Rho GT- 
Pase regulation of cell polarity in all eukaryotic cells. It is well known that in 
yeast and animal cells Rho GTPase controls cell polarity in part through its 
regulation of the actin cytoskeleton. To form a specific shape, immobile plant 
cells rely on wall restriction and polarized cell expansion, whereas shape for- 
mation in animal cells depends on cytoskeleton-driven membrane protrusion. 
Given the dramatic differences in the mechanisms of cell shape formation be- 
tween plant and animal cells, it is striking that there is a common fundamental 
mechanism across plant, fungal, and animal kingdoms. In animal cells, Rho- 
mediated actin seems to provide a localized pushing force for membrane 
protrusion. In yeast, actin is involved in endocytosis and exocytosis (Smythe 
and Ayscough, 2006; Toret and Drubin, 2006). In plant cells, the function of 
localized actin is not clear, but may be to target secretory vesicles to the site 
of growth, which either provide membrane and cell wall growth in the case 
of tip growth or secrete factors that locally modify the cell wall in the case of 
diffuse growth. 

3.3.1.2.1 Conservation of Rho GTPase downstream pathways. In fungi and an- 
imals, RAC / CDC42 GTPases promote actin polymerization through WASPs 
(Wiskott-Aldrich syndrome proteins) or WAVE (Wiskott-Aldrich syndrome 
protein family verprolin homologous) complex-mediated regulation of the 
ARP2/3 actin-nucleation complex. The ARP2/3 and the WAVE complexes 
are conserved in plants. Mutants of WAVE and ARP2 / 3 complex sub units all 
display similar defects in cell morphology of several epidermal cells (Smith 
and Oppenheimer, 2005; Szymanski, 2005). Defects in pavement cell shapes 
in these mutants exhibit some similarities to, but also are distinct from, those 
caused by loss of ROP2 and ROP4 function (Li et al, 2003; Basu et al, 2004; 
Brembu et al, 2004; El-Din El-Assal et al, 2004; Zimmermann et al, 2004; 
Djakovic et al, 2006), raising the possibility that ROP2 might regulate the 
ARP2/3 complex as it is regulated by RAC/CDC42 in animals. In support 
of this possibility, Szymanski's group reported that ROP2 interacted with a 
WAVE complex subunit, PIR121 /SRA1, in a yeast two-hybrid assay (Basu 
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et al, 2004). However, a recent report from Hulskamp'group did not detect 
this interaction in their yeast two-hybrid assays (Uhrig et al., 2007). Further 
investigation is needed to clarify whether ROPs regulate the activity of the 
WAVE complex. 

An apparently unique mechanism of ROP regulation of actin polymeriza- 
tion has been reported. The mediator between ROP and F-actin is a ROP ef- 
fector, RIC4. RIC4 belongs to a plant-specific family of ROP effectors, termed 
RICs (ROP-mteractive CRIB motif containing proteins) (Wu etal, 2001). There 
are 11 RIC proteins in Arabidopsis. Overexpression of RIC4 promotes fine 
F-actin formation in both pollen tube and pavement cell systems, and sup- 
pression of RIC4 mRNA levels in a RIC4 knockdown mutant, ric4-l, decreased 
the accumulation of fine F-actin (Fu et al., 2005; Gu et al, 2005). The ric4-l mu- 
tant also exhibited shorter pollen tubes and pavement cells with narrower 
necks and shallower lobes, resembling the phenotype observed in loss-of- 
function ropl and rop2 mutants, respectively (Fu et al., 2005; Gu et al, 2005). 
Physical interaction between RIC4 and ROP1 or between RIC4 and ROP2 has 
been demonstrated using FRET analysis (Fu et al, 2005; Gu et al, 2005). Thus, 
RIC4 is a common target of ROP1 and ROP2 in their regulation of the actin 
cytoskeleton in the pollen tube and pavement cell systems, respectively. 

Another novel ROP/RAC effector, interactor of CA-ROPs 1 (ICR1), has 
been reported as a scaffold protein that may link ROPs with vesicle trafficking. 
ICR1 interacts with the exocyst vesicle tethering complex subunit SEC3, and 
preferentially interacts with GTP-bound ROP6 and ROP10 (Lavy et al, 2007). 
Overexpression of GFP-ICR1 induced deformed pavement cell and swollen 
root hair similar to ROP2 gain-of-function mutants, whereas T-DNA inser- 
tion into ICR1 caused inhibition of pavement cell expansion. In yeast, CDC42 
recruits SEC3 to the site of growth, activating vesicle tethering. Mutations in 
exocyst subunits also cause defect in pollen tube and root hair growth (Zhang 
et al, 2001; Cole et al, 2005; Cole and Fowler, 2006). Thus, ICR1 could medi- 
ate vesicle tethering in plant cells, representing another potential common 
mechanism for Rho GTPase regulation of cell polarity and morphogenesis. 

Recently, increasing evidence suggests that reactive oxygen species or ROS 
(H2O2) served as an important second messenger to regulate polar cell growth. 
A knockout mutation (rhd2) of AtRBOHC (encoding NADPH oxidase; see be- 
low) impairs ROS production in growing root hairs, which results in inhibition 
of formation of root hairs (Foreman et al, 2003). A mutation of a RhoGDP dis- 
sociation inhibitor (GDI), an inhibitor of ROP GTPase, develops ectopic root 
hair formation accompanied with ROS production (Carol et al, 2005) likely 
resulting from constitutive activation of ROP GTPase. The ectopic root hair 
formation and ROS production are suppressed by the rhd2 mutation. These 
results strongly suggest that the ROS production in growing root hairs is 
controlled in the ROP-RBOH (respiratory burst oxidase /zomolog) pathway. 
Jones and coworkers showed that overexpression of ROP2 and C A-rop2 stim- 
ulates formation of ROS (Jones et al, 2007). On the contrary, ROS production 
was decreased in DN-rop2 plants, relative to wild-type plants. Expression of 



ROP/RAC GTPases 73 



CA-rop2 in the RBOHC loss-of-function rhdl-1 mutant led to impaired ROS 
formation and root hair growth, suggesting that RHD2 is required for this 
ROP2-dependent ROS production in regulating root hairs formation (Jones 
et ah, 2007). It is believed that ROS either activate Ca 2+ channel or loosen 
cell wall for cell expansion (Foreman et ah, 2003; Mori and Schroeder, 2004; 
Uhrig and Hulskamp, 2006). It would be interesting to investigate whether 
ROP-RBOH-ROS pathway plays similar role in controlling tip growth in 
pollen tubes. However, RAC GTPase activates NADPH oxidase by directly 
interacting with its regulatory subunit p67 (Miyano and Sumimoto, 2007), 
again suggesting the conservation of this Rho-family GTPase downstream 
pathways across eukaryotic kingdoms. 

3.3.1.2.2 Plant-specific downstream pathways. As discussed above, cell polar- 
ity regulation by cortical MTs and microfibril arrangement is unique to plants, 
suggesting the likelihood that plants use unique downstream signaling path- 
ways. In pavement cells, cortical MTs restrict localized outgrowth through 
guiding the microfibril orientation. In addition to the regulation of RIC4 and 
ICR1 as discussed above, ROP2 modulates the organization of cortical MTs in 
its role in pavement cell morphogenesis. RIC1 is the downstream effector that 
relay signal from ROP to MTs (Fu et ah, 2005). RIC1 promotes the formation of 
well-ordered cortical MTs to restrict the expansion of the neck region. Active 
ROP2, which is localized to the tip of lobes, inhibits the association of RIC1 
with MTs and thus restricts the RIC1 activity to the indenting neck region 
(Fig. 3.2). The ROP-RIC1 pathway is unique to plants and may specifically 
regulates the polarity of diffuse growth, which requires cortical MTs. 

In tip-growing cells, other unique pathways seem to operate. Tip-focused 
calcium gradient is critical for tip growth of pollen tubes and root hairs. In 
pollen tubes, another member of the RIC family, RIC3, was suggested to 
stimulate Ca 2+ influx and accumulation in the tip region, which promotes 
depolymerization of F-actin at the pollen tube tip (Gu et ah, 2005). It is inter- 
esting that RIC3 overexpression suppressed depolarization of pollen tubes 
caused by RIC4 overexpression, although RIC3 overexpression itself led to 
depolarized growth. Based on these observations, it was proposed that the 
RIC4-actin pathway and the RIC3-Ca 2+ pathway check and balance to con- 
trol actin dynamics, which is essential for polarized pollen tube tip growth 
(Fu et ah, 2001; Gu et ah, 2005; Hwang et ah, 2005). Although direct evidence 
is lacking, it would not be surprising if similar RIC4- and RIC3-dependent 
counteracting pathways also regulate tip growth in root hairs. 

Phosphatidylinositol monophosphate kinase (PIPK) was also proposed as 
ROP downstream effector that is involved in actin and Ca 2+ signaling (Kost 
et ah, 1999). ROPs were reported to associate with a PIPK activity, which 
synthesizes phosphatidylinositol 4,5-bisphosphate (PI4,5-P2). Using a GFP- 
tagged pleckstrin homology domain, which binds PIP4,5-P2 specifically, it 
was shown that PIP4,5-P2 is localized to the apical region of the pollen tube 
PM (Kost et ah, 1999), resembling the localization of active ROP1 (Hwang 



74 ■ Intracellular Signaling in Plants 



ignal^^ 



GDP 
ROP2/4* 



SPK1 



GTP 
ROP2/4 



7\ 



ICR1 RIC4 

/ I 

F-actin 




Vesicle Vesicle 
tethering targeting 



Polarized 
exocytosis 

J 

Lobe 
outgrowth 




Signal 



GTP 
ROP? JSC* 



GDP 
ROP? 



inhibition 



Figure 3.2 ROP2/ROP4 CTPases coordinate multiple downstream pathways in the 
control of pavement cell morphogenesis. In the outgrowing region, SPK1 (a putative 
RopCEF) is postulated to activate ROP2/4, because its knockout mutant shows a 
phenotype similar to that caused by the loss of ROP2/4 function. The RIC4-actin and 
ICR1-SEC3 pathways are proposed to regulate polarized exocytosis, but no direct 
evidence is available. The localized exocytosis together with ROP2/4 inhibition of the 
RIC1-MT pathway allows the localized expansion during the lobe formation. In the 
indenting region, RIC1 is postulated to be activated by a signaling pathway that may 
involve another ROP, and the activation of RIC1 promotes the ordering of cortical MTs. 



et at, 2005) . PI4,5-P2 may not only regulate actin organization by translocating 
actin-binding proteins, but may also affect Ca 2+ level by serving as the sub- 
strate of phospholipase C to produce inositol 1,4,5-triphosphate (Kost et ah, 
1999; Berken, 2006). Further investigation is needed to determine whether 
PIPK-PI4,5-P2 indeed acts downstream of ROP1 in the complex signaling 
network that controls growth in pollen tubes. 

From the above analysis, a conceptual framework has emerged that under- 
pins ROP GTPase regulation of cell polarity and polar cell growth in different 
cell systems (see Fig. 3.2). A ROP GTPase is locally activated in the cell cor- 
tex and then coordinately regulates multiple pathways, which all contribute 
to the formation of cell polarity or cell shape. Some of these pathways (e.g., 
the RIC4 pathway) are conserved among different cell types, while others 
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are cell-specific. This framework can explain why a simple ROP GTPase can 
orchestrate cell polarity and cell morphogenesis in different cell types that ap- 
parently involve distinct cellular mechanisms (e.g., tip growth versus diffuse 
growth) . Interestingly this conceptual framework can be extended to Rho GT- 
Pase signaling to similar processes across eukaryotic kingdoms, although the 
details within this framework vary among different kingdoms. For example, 
ROP regulates the organization of the actin cytoskeleton as its counterpart in 
other systems, but ROP does so through a plant-specific RIC4 downstream 
pathway. 

3.3.1.3 ROP/RAC GTPases in the regulation of hormone responses 

Phenotype characterization of transgenic lines expressing CA- or DN-rop2 
mutants suggests that ROP signaling may impact on several aspects of plant 
development, such as seed dormancy, lateral shoot initiation, and hypocotyl 
elongation, which are well known to be modulated by abscisic acid (ABA), 
auxin, and brassinosteroids (BRs) (Li et ah, 2001). Further investigation indeed 
links ROP signaling to the action of these hormones. 

ABA is a phytohormone important for the establishment of seed dormancy, 
stomatal movement, and plant responses to abiotic stresses. ROP10 has been 
demonstrated to be a negative regulator of ABA signaling (Zheng et al., 2002). 
Both Arabidopsis roplO knockout mutants and DN-roplO lines show increased 
ABA responses, including seed dormancy, stomata closure, and inhibition of 
root elongation. Conversely, CA-roplO lines display reduced ABA sensitivity. 
ABA regulation of ROP10 activity seems to be important in ABA responses, 
but ABA was also found to downregulate the transcription of ROP10 in root 
tips (Zheng et al, 2002). 

Several other ROPs have also been implicated in ABA responses. CA-rop6 
lines showed reduced stomata closure induced by ABA, whereas DN-rop6 en- 
hanced it (Lemichez et al, 2001). Similar enhancement and reduction of seed 
germination responses to ABA were observed for Arabidopsis plants express- 
ing DN-rop2 and CA-rop2, respectively (Li et al, 2001). Because the function 
of ROP2 and ROP6 in ABA signaling is supported only by gain-of-function 
analysis, the use of loss-of-f unction approaches will be necessary to determine 
whether ROP2, ROP6, and ROP10 govern distinct ABA signaling pathways. 
It is possible that those phenotypes caused by CA- or DN-rop mutants were 
the consequence of their interference with the function of ROP10. 

Auxin is a key phytohormone essential for the regulation of many impor- 
tant cellular processes during plant growth and development, such as cell 
division, expansion, and differentiation, as well as plant responses to pho- 
totropism and gravitropism. A link between auxin responses and ROP GT- 
Pase signaling was revealed by Cheung's group (Tao et al., 2002). They re- 
ported that expression of wild-type and CA form of a tobacco ROP, NtRACl, 
stimulated expression of auxin-responsive genes, whereas overexpression of 
DN-NtRACl, NtRACl RNAi, or a ROP negative regulator (GDI or GAP 
from Arabidopsis) suppressed auxin-induced gene expression. Moreover, 
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exogenous auxin rapidly promoted the accumulation of GTP-bound NtRACs. 
These results suggest that ROPs transmit auxin signals to ROP downstream 
effectors and auxin responsive factors (Tao et ah, 2002). 

CA-NtRACl showed higher affinity to the PM than wild-type or inactive 
NtRACl, suggesting that membrane targeting of NtRACl may be important 
for NtRACl signaling. This also raises the possibility that ROPs may relay 
signal from a PM-localized auxin receptor. A recent report demonstrated that 
auxin is required to properly position ROP2 on the PM to establish planar 
polarity in Arabidopsis root hair development (Fischer et al, 2006). Root hair 
usually initiate from the site that is adjacent to the basal end of trichoblasts. 
ROPs are localized to root hair initiation sites (Molendijk et al., 2001; Jones 
et ah, 2002). Both auxl mutant (knocking out auxin influx carrier AUX1) and 
ethylene-insensitive mutant einl display the apical shift of ROP localization, 
whereas overproduction of auxin and ethylene enhances the polar bias of ROP 
localization (Fischer et al., 2006). Since ethylene signaling can act upstream of 
auxin biosynthesis in Arabidopsis roots (Stepanova et ah, 2005), ethylene may 
play an indirect role in the regulation of ROP positioning. 

Polar auxin transport is critical for auxin function. Both auxin influx carrier 
AUX1 and the efflux carrier PINs exhibit distinct asymmetrical subcellular 
localization pattern at the PM, which correlates with the direction of auxin 
flow (Swarup et ah, 2004; Paponov et al, 2005; Xu and Scheres, 2005). CA-rop2 
enhanced polar accumulation of PIN2 protein in the root elongation region 
and increased gravitropism, which is significantly affected by disruption of 
F-actin assembly. DN-rop2 lines show delayed tropic responses, strongly sup- 
porting that ROP2 modulates the PIN2 location through regulating F-actins 
(Li ef aZ.,2005). 

Besides ROP2 and ROP4, ROP11 is another candidate that is potentially 
involved in auxin signaling. CA-ropll inhibits endocytosis and induces phe- 
notypes indicative of altered auxin responses (Bloch et al, 2005). Auxin has 
been shown to promote PM localization of PIN1 by inhibiting the endocyto- 
sis of PIN1 (Friml et al., 2004). ROP11 could participate in auxin regulation 
of endocytosis of PINs and /or other cell membrane molecules important for 
auxin signaling. 

Brassinosteroids (BRs) cross talk with auxin signaling. The transcription of 
PIN genes was differentially regulated by treatment with BR brassinolide or 
in mutants defective in BR biosynthesis (Li et al., 2005). Brassinolide also pro- 
motes the accumulation of the PIN2 protein in root and triggers the expression 
and dispersed localization of ROP2 during tropic responses. Thus, ROP2 was 
suggested to mediate the BR effects on polar auxin transport and tropic re- 
sponses (Li et al., 2005). It would not be surprising if future studies link ROPs 
to the action of other phytohormones such as cytokinin and gibberellin acids. 

3.3.1.4 Other developmental processes 

Several studies have implicated ROPs in the regulation of broader develop- 
mental processes than those described above. CA-rop2 and DN-rop2 transgenic 



ROP/RAC GTPases 77 



plants display pleiotropic phenotypes that could be partially explained by 
ROP regulation of auxin and ABA responses described above (Li et al, 2001). 
However, certain CA-rop2 and DN-rop2 phenotypes, such as defect in late 
stages of embryo development and altered orientation of lateral organs, 
could not be easily explained by ROP involvement in hormone signaling (Li 
et al, 2001). ROP7 may play a role in the regulation of xylem differentiation. 
The ROP7 promoter-driven reporter genes (GUS or GFP) are specifically ex- 
pressed in xylem cells and procambium of roots, hypocotyls, stems, and leaves 
(Brembu et al, 2005; Yang and Fu, 2007). Using global comparative transcrip- 
tome analysis, Ko and coworkers investigated gene networks that regulate 
secondary xylem development in Arabidopsis. Five genes in the core xylem 
gene set encode essential components of ROP signaling cascades (Ko et al, 
2006). ROPs may influence meristem maintenance as well. The CLAVATA1 
complex is the well-known complex that controls the maintenance of shoot 
apical meristems. This complex includes a ROP protein (Trotochaud et ah, 
1999). The ROP downstream effector ICR1 was implicated in root meristem 
maintenance, since knockdown or silencing of ICR1 led to loss of root stem 
cell population (Lavy et al, 2007). 

3.3.2 Regulation of plant innate immunity 

3.3.2.1 The regulation of ROS production 

Animals and plants produce ROS, such as superoxide and hydrogen peroxide, 
which are able to directly kill microorganisms, and also function as second 
messengers to induce a series of immune responses. In animal phagocytes, the 
ROS production is mediated by the activation of PM-localized NADPH oxi- 
dase, a large complex composed of two membrane-bound proteins, gp91P hox 
and p22P h0X , and the cytosolic proteins p67P hox , p47P hox , p40P hox , and small 
GTPase RAC (Babior, 2004). Genome sequences of plants such as rice and 
Arabidopsis reveal homologs of gp91 phox and RAC-related ROPs, but not 
other components of the phagocytic NADPH oxidase complex (Torres and 
Dangl, 2005). In plants, the gp91P hox homologs are termed respiratory burst 
oxidase /zomolog (RBOH). Unlike gp91 phox , the RBOH proteins have an ex- 
tended N-terminus, which contains two Ca 2+ -binding EF-hand motifs (Torres 
and Dangl, 2005). Since plants possess only ROP/RAC small GTPase as cy- 
tosolic components of NADPH oxidase, an interesting question is whether 
ROP/RAC is able to regulate the RBOH activity in plants. In many plant 
species including rice, Arabidopsis, cotton, tobacco, and soybean, it was shown 
that activation of ROP GTPase stimulates ROS production in plant cells 
(Kawasaki et al, 1999; Potikha et al, 1999; Baxter-Burrell et al, 2002; Jones 
et al, 2007). In addition, maize ROP GTPase enhances ROS production in 
mammalian cells (Hassanain et al, 2000), suggesting that ROP GTPase has an 
ability to activate NADPH oxidase as has been shown in the animal system. 

Rice contains seven members of the ROP/RAC (OsRAC) family (Miki et al, 
2005). C A-OsRAC 1 induces ROS production in rice cells, which is inhibited by 
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Figure 3.3 A model of OsRACI -mediated innate immunity in rice. As described for the 
ROP2/4 regulation of cell morphogenesis in Figure 3.4 (Color plate 6), OsRACI 
regulation of defense responses also involves its coordination of multiple downstream 
pathways, including ROS accumulation, phytoalexin production, and lignin production. 
OsRACI appears to be regulated by heterotrimeric G proteins, but how pathogen signals 
and elicitors activate OsRACI remains unclear. It is possible that NBS-LRR and LRR-RLK 
R-gene products may form a complex with OsRACI /RopCEFs in the transmission of these 
defense signals. OsRACI forms a complex with NBS-LRR-type R proteins and LRR-RLK; 
chaperones such as HSP90, RAR1, SCT1, Stil; and putative scaffold protein RWD, which 
are suggested to be involved in recognition of pathogens and induction of immunity 
responses. OsRACI controls production of ROS by regulating PM-localized NADPH 
oxidase (RBOH) activity by direct interaction with N-terminal extension of RBOHs. At the 
same time, OsRACI also downregulates expression of a scavenger, metallothionein 
(OsMT2b), to inhibit ROS removal. The reduction of OsMT2 contributes to maintain 
transient accumulation of ROS, which results in potentiation of ROS signals to 
effectively induce immune responses. OsRACI controls lignin synthesis through the 
coordinate regulation of both cinnamoyl-CoA reductase (CCR) and NADPH oxidase 
activities. 



diphenylene iodonium, an inhibitor for flavin-containing phagocytic NADPH 
oxidase (Kawasaki et ah, 1999). ROS produced by OsRACI -mediated sig- 
naling functions as second messengers to induce a series of immune re- 
sponses (Fig. 3.3). Direct interactions between OsRACI and RBOHs have 
been observed in the yeast two-hybrid system and in vitro pull-down ex- 
periments. OsRAC directly interacts with the N-terminal regions of RBOHs 
including EF-hand motifs (Wong et ah, unpublished results). The interaction is 
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GTP-dependent, which is consistent with the observation that expression of 
CA-OsRACl induces ROS production in plant cells, whereas DN-OsRACl 
inhibits ROS production induced with two different fungal elicitors, sphin- 
golipid and N-acetylchitooligosaccharide elicitors (Ono et al., 2001; Suharsono 
et al, 2002). An experiment with a FRET technique confirmed in vivo interac- 
tion of ROP GTPase and RBOH protein in plant cells (Wong et al. , unpublished 
results). In tobacco, NtRBOHD and NtRAC5 were shown to colocalize in the 
lipid raft in the PM upon the elicitation of cells with a fungal elicitor, crypto- 
gein (Mongrand et al, 2004). Thus, it is likely that ROP regulates the NADPH 
oxidase activity by direct interaction with N-terminal extension of RBOHs. 
The investigation on roles of the ROP-ROS pathway in regulating root hair 
polar growth also genetically identified the interaction between ROP and 
RBOH in Arabidopsis (see above). 

Although OsRACl activates NADPH oxidase-dependent ROS produc- 
tion, OsRACl downregulates expression of a scavenger, metallothionein 
(OsMT2b), to inhibit ROS removal (Wong et al, 2004). The reduction of OsMT2 
contributes to maintain transient accumulation of ROS, which results in 
potentiation of ROS signals to effectively induce immune responses in the 
infected sites of pathogens. In fact, numerous reports have described reduc- 
tion of ROS scavengers during immune responses (Takahashi et al, 1997; 
Chamnongpol et al, 1998; Mittler et al, 1998, 1999). 

3.3.2.2 Regulation of cell wall biosynthesis 

Deposition of lignin on the cell wall is one of the immune responses. Lignin, 
which is polymerized through peroxidase activity using hydrogen peroxide in 
the cell wall, presents an undegradable mechanical barrier to most pathogens 
(Moerschbacher etal, 1990). Rice cinnamoyl-Co A reductase 1 (OsCCRl),akey 
enzyme for synthesis of monolignols in lignin biosynthesis, has been identi- 
fied as an effector of OsRACl (Kawasaki et al, 2006). OsCCRl is specifically 
expressed during defense responses, indicating that OsCCRl contributes to 
lignin biosynthesis in the immune response, but not in development. The in- 
teraction of OsCCRl with OsRACl drastically activates OsCCRl activity in 
vitro, and transgenic cell cultures expressing CA-OsRACl accumulates lignin 
through enhanced CCR activity (Kawasaki et al, 2006). As mentioned above, 
OsRACl also stimulates NADPH oxidase-dependent ROS production that is 
required for the polymerization of monolignol on the cell wall. These data sug- 
gest that OsRACl controls lignin synthesis through the coordinate regulation 
of both NADPH oxidase and OsCCRl activities during immune responses in 
rice (Yang and Fu, 2007). In another case, ROP protein was shown to interact 
with UDP-glucose transferase involved in callose synthesis at the forming 
cell plate during cytokinesis (Hong et al, 2001). Although callose is produced 
at the infection sites of pathogens (Kim et al, 2005), whether ROP GTPase is 
involved in callose formation during immune responses remain to be inves- 
tigated. Thus, the ROP proteins play important roles in regulating cell wall 
biogenesis. 
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3.3.2.3 ROP/RAC GTPase is a key regulator for innate immunity 

Immune responses mediated by the ROP proteins have been studied in rice. 
ROP GTPase controls ROS production through the regulation of the RBOH 
activity. Involvement of RBOH in innate immunity has been well investigated 
in many plant systems including Arabidopsis and tobacco (Torres et al, 2002; 
Yoshioka et al, 2003; Torres and Dangl, 2005). OsRACl -mediated ROS pro- 
duction is accompanied with cell death in rice suspension cells and plants 
(Kawasaki et al, 1999). The cell death is often found in disease resistance (R)- 
gene-mediated defense response, which is one of the characteristics of hy- 
persensitive response (HR). Transgenic plants expressing CA-OsRACl highly 
accumulate a well-characterized rice phytoalexin, momilactone A, and upreg- 
ulate expression of enf-copalyl diphosphate synthase (D9 /OsCPS2/OsCYC2) 
gene that is known to be responsible for the biosynthesis of rice phytoalex- 
ins including momilactone A (Ono et al, 2001; Otomo et al, 2004). A series 
of immune responses induced by CA-OsRACl leads to enhanced disease 
resistance to virulent races of Magnaporthe grisea and Xanthomonas oryzae 
(Ono et al, 2001). In addition, DN-OsRACl suppresses R-gene-dependent de- 
fense responses including hypersensitive cell death. Suppression of OsRACl 
by RNAi also inhibits HR induced by an avirulent race of M. grisea (Chen 
et al, unpublished results). The finding suggests that OsRACl plays impor- 
tant roles in both R-gene-mediated resistance and basal resistance. 

In tobacco, expression of DN-OsRACl delays lesion formation in Ngene- 
mediated resistance to tobacco mosaic virus, which is correlated with reduced 
level of ROS production, altered PR gene expression, and reduction of sali- 
cylic acid accumulation (Moeder et al, 2005). In addition, DN-OsRACl also 
suppresses Pto gene-mediated hypersensitive responses and nonhost resis- 
tance to Pseudomonas syringae pv. maculicola (Moeder et al, 2005). However, 
systemic acquired resistance is not affected in the DN-OsRACl tobacco plants. 
Thus, the effects of ROP GTPase may change depending on kinds of defense 
responses and plant species. Transgenic tobacco plants carrying an antisense 
construct of a Medicago sativa RAC cDNA inhibit necrotic lesion that is induced 
by infiltration with a yeast elicitor (Schiene et al, 2000). Taken together, it is 
most likely that ROP genes have general roles in disease resistance in plants. 

3.3.2.4 Cytoskeleton remodeling by ROP/RAC GTPase during 
immune responses 

The actin cytoskeleton plays a crucial role in innate immune response at the 
early stage of fungal penetration (Kobayashi et al, 1997). Actin microfila- 
ments are polarized toward the penetration sites of the biotrophic powdery 
mildew fungus Blumeria graminis f.sp. hordei (Bgh) in barley mutant lacking 
the susceptibility factor mildew resistance locus (MLO) (Opalski et al, 2005). 
The polarization of actin microfilaments is closely associated with successful 
prevention of penetration of Bgh, in which actin focusing is induced in re- 
sistant response, but not in susceptible response. An active mutant of barley, 
HvRACB, partially inhibits actin reorganization, which results in enhanced 
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susceptibility against Bgh (Schultheiss et ah, 2005). Since HvRACB belongs 
to group II/ type I subfamily of ROP proteins that function in the induc- 
tion of subcellular Ca 2+ gradients and polar actin patterns in development 
(see above), CA-HvRACB may induce diffuse instead of focal Ca 2+ influx 
required for actin reorganization. In addition, CA-HvRACB does not affect 
HR and m/o-mediated disease resistance (Schultheiss et ah, 2005), suggesting 
that HvRACB is not simple negative regulator for defense response. Suppres- 
sion of HvRACB by RNAi leads to partial activation of resistance to Bgh. This 
may result from that HvRACB regulates the polar membrane growth pro- 
cess that is involved in PM invagination in haustorium establishment of Bgh 
(Schultheiss et ah, 2002, 2003). 

3.3.2.5 Roles of ROP GTPases as negative regulators in innate immunity 

Several members of ROP proteins have been shown to be negative regulators 
of immune response. Rice OsRACB / OsRAC5 is downregulated in response to 
infection of M. grisea. Overexpression of OsRACB / OsRAC5 enhances suscep- 
tibility to a compatible race of M. grisea (Jung et ah, 2006). Similarly, silencing 
of OsRAC4 induces constitutive expression of several PR genes, which results 
in enhanced resistance to virulent M. grisea (unpublished results). 

However, how OsRACB/OsRAC5 and OsRAC4 negatively regulate im- 
mune responses remains to be identified. NtRAC5 is downregulated during 
elicitation with a fungal elicitor, cryptogein (Morel et ah, 2004), and overex- 
pression of NtRAC5 suppresses ROS production. Interestingly, overexpres- 
sion of NtRAC5 reduces the mRNA and protein levels of NtRBOHD, suggest- 
ing that NtRAC5 negatively regulates NtRBOHD at both transcriptional and 
translational levels (Morel et ah, 2004). Thus, ROP GTPase regulates immune 
responses in positive and negative manners. 

3.3.2.6 Regulation of mitogen-activated protein kinase signaling by 
ROP/RAC GTPases 

In plants, mitogen-activated protein kinase (MAPK) has been found to be 
involved in biotic and abiotic signal transductions (Ichimura et ah, 2000; Asai 
et al, 2002; Ichimura et al, 2002) (see Chapter 4). Rice MAPK6 (OsMAPK6) 
is known to be activated at the post-translational levels during immune 
responses as found in well-characterized tobacco MAPKs, salicylic acid- 
induced protein kinase and the wound-induced protein kinase (Lieberherr 
et ah, 2005). Silencing of the OsMAPK6 activity by RNAi causes alternation of 
mRNA levels of phenylalanine ammonia lyase and two other MAPK genes, 
OsMAPK5a and BWMK1, that are known to be associated with biotic and 
abiotic stresses (He et ah, 1999; Xiong and Yang, 2003). Suppression of Os- 
RAC1 mRNA level by RNAi and the d 1 mutation lacking Ga destabilizes the 
OsMAPK6 protein in rice cells (Suharsono et ah, 2002). As described below, 
Ga and OsRACl likely function in the same signal transduction pathway, 
suggesting that the pathway regulates stability of OsMAPK6. Interestingly, 
the OsMAPK6 protein was co-immunoprecipitated with CA-OsRACl, but 
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not DN-OsRACl. Activation of OsMAPK6 is suppressed in OsRACl RNAi 
and DN-OsRACl cells. Thus, it seems that OsRACl regulates the OsMAPK6 
activity in a protein complex. In Arabidopsis, an MAPK cascade associated 
with the immune response has been well characterized (Asai et al., 2002; He et 
al, 2006). Therefore, examining whether the ROP pathway is also connected 
with the MAPK cascade in Arabidopsis is an interesting issue. 

3.3.2.7 Proteomic dissection of ROP GTPase signaling in defense 

The OsRACl -dependent signaling pathway has been analyzed using a pro- 
teomics approach (Fujiwara et al., 2006). Proteins whose expression levels 
are altered by CA-OsRACl, DN-OsRACl, and/or sphingolipid elicitor were 
identified by the use of two-dimensional gel electrophoresis and mass spec- 
trometry. Many proteins that are known to be involved in immune responses 
were changed at the protein levels by OsRACl and sphingolipid elicitors. 
Interestingly, among 100 proteins upregulated by sphingolipid elicitors, 87 
were also induced by expression of CA-OsRACl, indicating that OsRACl is 
a pivotal component in the elicitor-dependent defense signaling. 

Identification of immune components in a complex containing OsRACl 
would give a new insight into the role of OsRACl in disease resistance. Many 
components of OsRACl complex were identified by affinity chromatography 
using protein extracts purified from rice cells treated with the sphingolipid 
elicitor (Nakashima et al., unpublished results). The components include NBS- 
LRR-type disease resistance proteins, chaperones such as HSP90, and scaffold 
proteins, which are suggested to be involved in immune responses of other 
species. Thus, it is likely that OsRACl forms a large complex with important 
immune components. 

3.3.3 Regulation of responses to abiotic stress 

ROS production is often associated with plant responses to abiotic stresses 
in addition to biotic stress discussed above (see Chapter 7). However, the 
mechanism by which plants use ROS for tolerance against abiotic stress seems 
to differ from OsRACl -mediated ROS production in defense responses. The 
latter is accompanied with oxidative-burst-induced localized cell death. The 
role of ROP regulation of ROS production in abiotic stress has been elegantly 
studied for plant tolerance to hypoxia (Baxter-Burrell et al, 2002). In this 
system, oxygen deprivation triggers a rise in H2O2 levels, which is required 
to induce the expression of genes that are crucial for stress responses (Baxter- 
Burrell et al, 2002). It was shown that Arabidopsis seedlings install an elegant 
regulatory system to prevent the accumulation of high toxic concentrations 
of H2O2 by tuning the activity of ROPs. As in the defense system, oxygen 
deprivation activates ROP2, which then promotes the production of H2O2. 
H2O2 induces the expression of alcohol dehydrogenase, which is important 
for tolerance to oxygen deprivation. Interestingly, H2O2 also activates the 
expression of RopG AP4, which is a negative regulator of ROPs that terminates 
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ROP activation (Baxter-Burrell et al., 2002). The regulation forms a negative 
feedback loop to shut down ROP signaling, avoiding the accumulation of 
toxic levels of H2O2 (Baxter-Burrell et ah, 2002). This would be similar to the 
mechanism for ROP-ROS-dependent regulation of polar growth (see above), 
where the production of H2O2 has to reach a threshold for inducing sufficient 
downstream factors, but the accumulation of H2O2 should be tightly restricted 
to avoid toxic effects. 



3.4 Mechanisms for the regulation of the ROP CTPase 
"ON/OFF" status 

3.4.1 Regulation of CTP-CDP cycling 

As for other small GTPases, ROP GTPases cycle between the GTP-bound 
active form (or "ON" state) and the GDP-bound inactive form (or "OFF" 
state). The switching between these two forms is precisely regulated by three 
major classes of regulatory proteins: GDIs, GAPs, and GEFs. 

GEFs turn on small GTPases by stimulating the exchange of GDP with GTP 
To date, at least three families of RhoGEFs have been identified, including the 
Dbl family, the Dockl80 family, and the RopGEF family. The biggest RhoGEF 
family belongs to Dbl homology proteins; members of this family share a con- 
served Dbl homology (DH) domain and a pleckstrin homology (PH) domain. 
The DH domain is believed to associate with the switch region of GTPases, 
responsible for GTPase remodeling and the exchange of GDP with GTP. The 
function of PH domains in different GEFs varies. Some PH domains bind to 
the phospholipids to facilitate the PM targeting of GEFs. Other PH domains 
affect the nucleotide exchange by interacting with GTPases directly or facili- 
tating the conformational change of the GEFs. Still some other PH domains 
actually inhibit GEFs activity by interacting with the DH domain (Schmidt 
and Hall, 2002; Rossman et al, 2003, 2005; Lu and Ravichandran, 2006). How- 
ever, no homolog of DH-PH containing RhoGEF has been discovered in 
plants. 

The Dockl80 family is an unconventional RhoGEF family. Members in this 
family do not contain the typical DH domain. Instead, they have a so-called 
Dock homology region 2 (DHR2), which is conserved in fungi, animals, and 
plants. This domain specifically binds to the nucleotide-free state of RHO 
GTPases and is crucial for the GEF activity (Lu and Ravichandran, 2006). 
Dockl80 proteins usually function as a RhoGEF together with a cof actor 
named ELMO. In Arabidopsis, a single gene called SPIKE1 (SPK1) was found 
to encode a Dockl80-like protein (with a single DHR2 domain). Knocking out 
SPK1 leads to altered pavement cell shape (Qiu et al., 2002), which mimics the 
defect induced by transgenic ROP mutants (Fu et al, 2002). It was reported in 
a conference abstract that SPK1 has GEF activity toward ROPs (reviewed in 



84 I Intracellular Signaling in Plants 



Berken, 2006). However, nothing is known about the regulation of SPK1, al- 
though genes encoding ELMO-like proteins are also present in the Arabidopsis 
genome. 

Plants possess a novel family of GEFs that activate ROPs (Berken et al, 2005; 
Gu etal., 2006) . Members of this family are characterized by a highly conserved 
domain annotated as DUF315 (domain of unknown function 315). Berken 
and colleagues named this domain PRONE (plant-specific ROP nucleotide 
exchanger) since this domain was shown to stimulate nucleotide dissociation 
from ROPs (Fig. 3.1d, Color plate 5) (Berken et al, 2005; Gu et al, 2006). X- 
ray crystallographic analysis of the PRONE domain from ROPGEF8 demon- 
strates that the dimerization of PRONE is essential for GEF function (Thomas 
et al, 2007). Like GEFs for other small G proteins, PRONE/DUF315 stimu- 
lates nucleotide exchange by forming a transient ternary complex with two 
molecules of GDP-bound ROP. Binding with GEF results in conformation 
change of ROPs that reduce the nucleotide affinity and facilitates the re- 
lease of GDP. Dissociation of GDP is accompanied by spontaneous loading 
of GTP (and thus activation of ROP) since the cellular concentration of GTP 
is much higher than that of GDP (Wittinghofer, 1998; Cherfils and Chardin, 
1999; Thomas et al, 2007). 

Evidence suggests that RopGEFs activate ROP1 in the control of polarized 
pollen tube growth. In a yeast two-hybrid screen for proteins that interact 
with the intracellular kinase domain of LePRKl (a tomato receptor-like kinase 
expressed in pollen), Kaothien et al. identified a protein named KPP (Kaoth- 
ien et al, 2005), which turns out to be a homolog of RopGEFs (Berken et al, 
2005; Gu et al, 2006). KPP overexpression induced depolarization of pollen 
tube growth as does ROP1 overexpression (Li et al, 1999; Kaothien et al, 2005). 
Among 14 members of the Arabidopsis RopGEF family, at least 5 are expressed 
in pollen (Gu et al, 2006). GFP tagging suggests that all these 5 RopGEFs are 
localized to the apical region of the pollen tube PM corresponding to the 
site of ROP1 activation (Hwang et al, 2005; Gu et al, 2006). Interestingly, 
overexpression of RopGEFl but not other RopGEFs induced severe growth 
depolarization in pollen tubes as did KPP, suggesting that RopGEFl may be 
an ortholog of KPP. RopGEFl overexpression phenotype was suppressed by 
DN-ropl. These results support a role for RopGEFl in the activation of ROP1 
in the control of pollen tube growth. However, RopGEFl knockout mutants 
are not affected in pollen tube growth (Gu and Yang, unpublished results), 
suggesting that other RopGEFs are functionally redundant to RopGEFl. 
The differences in the overexpression phenotypes between RopGEFl and 
others suggest that RopGEFl and other RopGEFs may be differentially 
regulated. 

Outside the PRONE domain, RopGEFs have variable N- and C-termini, 
which may play important roles in the regulation of RopGEFs. Gu and her 
coworkers reported that the interaction between the C-terminus and the cat- 
alytic domain within the molecule of RopGEFl blocks its GEF activity and pro- 
posed an autoinhibitory mechanism for the regulation of Arabidopsis RopGEFl 
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(Gu et ah, 2006). Presumably, the autoinhibition could be released by an up- 
stream activator of ROP1 signaling. It would be interesting to see whether 
receptor-like kinases (RLKs), such as LePRKl and LePRK2 (Kaothien et ah, 
2005), could be such upstream activators. 

GDIs affect the subcellular localization and activation status of Rho-family 
GTPases by forming complexes with lipid-modified Rho GTPases. These 
high-affinity complexes prevent bound nucleotide (especially GDP) from be- 
ing dissociated from the GTPases. Furthermore, GDIs extract Rho proteins 
from cellular membranes and sequester them in the cytosol (DerMardirossian 
and Bokoch, 2005). GDIs could also inhibit the interaction of Rho GTPases 
with GAPs and the GTP hydrolysis, making GDI a tricky player regulat- 
ing activity of Rho GTPases. GDI homologs have been identified from Ara- 
bidopsis (three homologs) and tobacco (one homolog) (Bischoff et ah, 2000; 
Kieffer et ah, 2000), which are highly similar to mammalian RhoGDIs. There 
are four highly conserved regions among all GDIs (Fig. 3.1b, Color plate 5) 
(Bischoff et ah, 2000). RopGDIs play important roles in controlling polarized 
growth of pollen tubes and root hairs. Negative regulation of ROP signaling by 
Arabidopsis RopGDIl restricts ROP1 to the apex of the pollen tube PM to main- 
tain tip growth (Fu et ah, 2001 ; Yang, 2002; Hwang et ah, submitted). Arabidopsis 
RopGDIl suppressed growth depolarization caused by ROP1 overexpression 
in pollen tubes (Fu et ah, 2001 ) . A tobacco GDI (NtRhoGDI2) was found to pref- 
erentially interact with prenylated NtRAC5. A point mutation in NtRAC5 that 
abolishes its interaction with NtRhoGDI2 caused mislocalization of NtRAC5 
to the flank of the pollen tube (Klahre et ah, 2006). These clearly indicate 
that GDI is important for polarized ROP localization in specific membrane 
domains. 

Root hair is another model system for the study of spatially restricted cell 
growth. Normally each trichoblast has one root hair growth site where ROP2 is 
distributed. However, the disruption of RopGDIl function in supercentipedel 
(sail) mutant plants results in multiple root hairs on a single trichoblast due 
to ectopic accumulation of ROP2 at the cell surface (Carol et ah, 2005). It is 
expected that RopGDIs play a similar role in pavement cell system, since the 
formation of the jigsaw appearance in pavement cells is dependent on proper 
localization of ROP2 as well (Fu et ah, 2002, 2005). 

GAPs interact with the active form of Rho GTPases and promote their GTP 
hydrolysis to recycle them back to the GDP-bound inactive status. The con- 
served arginine finger (an arginine residue in the catalytically active GAP 
domain of the protein) inserts into the GTPase active site to stabilize the tran- 
sition state, whereby the intrinsic GTPase activity is promoted. Plants have 
a unique GAP family termed RopGAP (with six members in Arabidopsis) 
(Borg et ah, 1999; Wu et ah, 2000). RopGAPs contain a GAP catalytic domain 
that shares the greatest similarity with animal CDC42 GAPs. RopGAPs are 
unique in that they contain a CDC42 / RAC-znteractive binding (CRIB) mo- 
tif, which is absent from animal and fungal RhoGAPs, but is usually found 
in CDC42/RAC effectors. It was demonstrated that Arabidopsis RopGAPs 
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promoted GTP hydrolysis of ROPs but not that of CDC42. The CRIB motif 
is required for RopGAP activity as well as its binding to ROPs. This motif 
may participate in the stabilization of the transitional state of ROPs during 
GTP hydrolysis (Wu et ah, 2000). The GAP domain and the CRIB motif are 
conserved in all RopGAPs from both dicot and monocot species. Their N- 
and C-terminal regions are highly variable, providing a potential functional 
specificity for different RopGAPs. 

In vivo functions for most members of the RopGAP family are poorly under- 
stood. RopGAP4 takes part in ROP-regulated ROS production upon abiotic 
stress in Arabidopsis (see above) (Baxter-Burrell et ah, 2002). Overexpression 
of Arabidopsis RopGAPl suppressed depolarized pollen tube growth induced 
by ROP1 overexpression, suggesting that RopGAPl may act as a negative 
regulator of ROP1 (Fu et ah, 2001; Hwang et ah, unpublished results). Sim- 
ilarly, NtRopGAPl suppressed NtRAC5 overexpression phenotype (Klahre 
and Kost, 2006). NtRhoGAPl was found to associate with the region flank- 
ing the pollen tube PM apex where NtRAC5 is presumably activated. It was 
proposed that NtRopGAPl acts in the flanking region to restrict NtRAC5 
signaling to the PM apex (Klahre and Kost, 2006). However, loss of function 
approaches are required to test the role of these pollen-expressed RopGAPs 
in pollen tube growth. 

3.4.2 Regulation of subcellular localization 

Proper subcellular localization of signaling proteins is very important for 
their function. RAS-family GTPases are usually associated with the PM 
or an endomembrane compartment such as endoplasmic reticulum, Golgi 
apparatus, or vesicles (Hancock et ah, 1991; Choy et ah, 1999; Ivanchenko 
et ah, 2000). Rho GTPases are dynamically distributed in the cytosol and 
membrane systems, implying that shuffling between membranes and the 
cytosol may regulate their activities. Small GTPases are translated by free 
ribosomes and do not contain transmembrane domains. Their association 
with cellular membranes depends on their modification by lipid molecules 
and / or their binding to membrane-localized proteins. Their dissociation from 
membranes is controlled by RhoGDIs, which remove them from cellular 
membranes and sequestering them in the cytosol (see above). The infor- 
mation for membrane targeting lies in the C-terminal C(XX) motif that is 
usually subject to lipid modification and its proximal hypervariable region 
(HVR) (Hancock et ah, 1991; Choy et ah, 1999; Ivanchenko et ah, 2000; Heo 
et ah, 2006). 

Like other Rho GTPases, ROP association with the PM requires prenyla- 
tion and / or possibly acylation. Typical of Rho-f amily GTPases, most ROPs 
contain the C-terminal CAAL motif that is the target of protein geranylger- 
anyl transferase (see above) (Ivanchenko et ah, 2000; Zheng and Yang, 2000; 
Yang, 2002). The importance of geranylgeranylation for ROP membrane tar- 
geting has been investigated. Pea ROP1 and cotton GhRAC13 were reported 
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to be geranylgeranylated in vitro (Lin et al, 1996; Trainin et ah, 1996). ROP1 
and ROP5, which contain the conical CAAL geranylgeranylation motif, were 
found in both the cytosol and the apical region of the pollen tube PM. C-to-S 
mutations in the CAAL motif, which eliminate its lipid modification capac- 
ity, abolish the PM localization and biological function of these ROPs in the 
regulation of pollen tube growth (Kost et al, 1999; Li et ah, 1999). Similar 
mutations in rice OsRACB and barley HvRACB eliminate their PM target- 
ing and function as regulators of disease resistance (Schultheiss et ah, 2003; 
Jung et ah, 2006). These results suggest that lipid modification (most likely 
through geranylgeranylation) of ROPs is involved in the membrane target- 
ing and thereby the activity regulation of ROP GTPases. However, it remains 
to be determined whether ROPs are geranylgeranylated in vivo. Furthermore, 
evidence suggests that ROPs containing the CAAL motif could be modified 
by other lipid moieties (see below). 

ROPs belonging to group II do not have the conventional CAAL motif. 
Arabidopsis ROP10 contains a CGKN motif, which can only be weakly farne- 
sylated in vitro (Lavy et al, 2002; Zheng et ah, 2002). Knocking out ERA1, the 
only (3-subunit of farnesyltransferase in Arabidopsis, cannot remove ROP10 
completely from the PM. These results indicate a farnesylation-independent 
lipid modification is required for ROP10 PM localization. ROP10 can be 
palmitoylated in vitro and palmitoylation inhibitor, 2-bromopalmitate, caused 
a localization shift of ROP10 from the PM to the cytosol, suggesting that the 
PM localization of ROP10 is dependent on palmitoylation (Lavy et ah, 2002; 
Zheng et al., 2002). Palmitoylation inhibitor was shown to remove ROP9 and 
ROP11 (in the same group II as ROP10) from the PM as well, suggesting 
that they could also be subject to palmitoylation (Lavy et al., 2002; Zheng 
et al, 2002). Two maize group II ROPs, ZmROP6 and ZmROP7, contain the 
C-terminal CAA motif, and are exclusively localized to the PM (Ivanchenko 
et ah, 2000). Interestingly, the PM targeting of these two ROPs is not depen- 
dent on prenylation of the cysteine residue in the CAA motif, but requires 
a couple of internal cysteines that are absent from the ROP HVR regions 
of other ROPs. Therefore, the targeting of ZmROP6 and ZmROP7 appears 
not to be mediated by prenylation, but by other types of lipid modification 
such as palmitoylation (Ivanchenko et al., 2000). However, further investiga- 
tion will be needed to determine whether or not ZmROP6 and ZmROP7 are 
palmitoylated. 

In addition to association of ROPs with the PM, ROPs have been shown 
to localize to other endomembrane systems as well as to a specific domain 
of the PM, suggesting that more precise regulation of subcellular localiza- 
tion operates to allow specific targeting of ROP GTPases. Different ROPs 
have been found to be associated with specific subcellular compartments 
including perinuclear organelle (ROP4), the tonoplast of developing vac- 
uoles (pea ROPs), the whole PM, and PM domains. Interestingly, although 
all PM associated, ROP9/10, ZmROP6/7, HvRACB and OsRACB occupy 
the entire PM, whereas ROP1, ROP2, and ROP5 are localized to specific PM 
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domains, and the localization pattern of each ROP is closely related to its 
function (Kost et ah, 1999; Li et ah, 1999; Bischoff et ah, 2000; Lin et ah, 2001; 
Fu et ah, 2002; Jones et ah, 2002; Schultheiss et ah, 2003; Jung et ah, 2006). 
Information for specific ROP targeting appears to be provided by residues 
within the HVR that is proximal to the site of lipid modification (Bischoff 
et ah, 2000). 

It was recently reported that an activation-dependent acylation of ROP6 
may be involved in the localization of ROPs to specific membrane domains. 
It was shown that wild-type ROP6 is only prenylated, mostly by geranyl- 
geranylation. Upon activation, the cysteine 156 within the HVR region is 
transiently S-acylated (probably palmitoylated) and the acylated form ac- 
cumulated in detergent-resistant membrane (DRM), which is often associ- 
ated with lipid rafts (Sorek et ah, 2007). Evidence suggests that since DRM 
(or lipid rafts) has function in plant cell polarity regulation (Schrick et ah, 
2000; Fischer et ah, 2004), ROP6 partitioning in DRM could play an impor- 
tant role in plant cell polarity establishment. Since cysteine 156 is conserved 
in many ROPs, activation-dependent S-acylation and DRM targeting may 
be a common mechanism for regulating the localization and function of 
ROPs. 

As discussed above, the localization to a specific PM domain is regulated 
by cell polarity signaling and plays an important role in the formation of cell 
polarity. For example, an auxin gradient regulates the localization of ROP2 
to the site of root hair formation in trichoblasts, where it initiates root hair 
formation (Fischer et ah, 2006). How polarity signals control the subcellular 
localization of ROPs is an interesting topic of future studies. 



3.5 Potential upstream regulators of ROP signaling 



3.5.1 Receptor-like kinases 

How are upstream extracellular signals (such as hormonal, developmen- 
tal, and pathogen-induced signals) relayed to ROPs remains a mystery. One 
class of candidate upstream regulators is the superfamily of receptor-like ser- 
ine/ threonine kinases (RLKs) (see Chapter 1). ROPs were reported to be part 
of an active CLAVATA1 complex that controls the maintenance of shoot apical 
meristem (Trotochaud et al., 1999). Interestingly, the tomato RopGEF homolog 
KPP has been shown to interact with the tomato RLKs, LePRKl and LePRK2, 
both in vitro and in vivo (Kaothien et al., 2005). Two important questions in 
the RopGEF-RLK interaction need to be addressed: (1) How widespread is 
this interaction? (2) What is the functional significance of this interaction in 
ROP signaling? KPP has been shown to be phosphorylated (Kaothien et al., 
2005). It is possible that phosphorylation of RopGEFs by RLKs may regulate 
RopGEF activity. 
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There are hints that this interaction could be widespread. RLK (RPK1) is 
involved in ABA perception/ signaling (Osakabe et ah, 2005), and ROPs have 
been shown to be a PM regulator of ABA signaling (Zheng et ah, 2002). During 
defense responses, plants recognize pathogen-derived signals as pathogen- 
associated molecular patterns (PAMPs) (Zipfel and Felix, 2005; Jones and 
Dangl, 2006). So far, two plant PAMPs receptors, FLS2 and ERF, have been 
identified to recognize bacterial components, fragellin and EF-Tu (elonga- 
tion factor Tu), respectively, by direct interaction (Gomez-Gomez and Boiler, 
2000; Bauer et ah, 2001; Zipfel et ah, 2006). Both proteins are receptor-type pro- 
tein kinases with LRR. A rice bacterial blight resistance gene, XA21, encodes 
a similar LRR-protein kinase, which may recognize type I secreted protein 
from X. oryzae (Lee et ah, 2006). However, how these receptors transmit the 
PAMPs signals to downstream immune components is unknown. Interest- 
ingly, the PRONE-type RopGEFs are known to interact with LRR-protein 
kinases (Trotochaud et ah, 1999; Kaothien et ah, 2005); it is possible that these 
RopGEFs and ROPs transmit the PAMPs signals that are recognized by LRR- 
protein kinase receptors. Since a MAPK cascade is known to involve a signal 
transduction mediated by LRR-protein kinase including FLS2, an interaction 
between MAPK and ROP signaling would be possible. 

3.5.2 Heterotrimeric C proteins 

Heterotrimeric G proteins, composed of three subunits, ct, (3, and 7, are in- 
volved in many signal transduction pathways. G12 is one of four families of 
Get subunits. It has been well known that G042 regulates cellular responses 
and function through Rho GTPases in animals. G12 family G-protein acti- 
vates Rho by binding to RhoGEF and balancing unphosphorylated and phos- 
phorylated forms of RhoGEF. Gaj2 also binds RasGAP through the latter 's 
PH-BM module and stimulates its GTPase activity (Hepler and Gilman, 1992; 
Kurose, 2003). In plants, a number of pharmacological studies have indicated 
involvement of heterotrimeric G protein in plant disease resistance responses 
(Assmann, 1996; Jones et ah, 1998; see Chapter 2). Rice contains a single-copy 
Got gene. Therefore, a knockout mutant of rice Got is predicted to lose all 
the functions of heterotrimeric G protein. Rice Get mutants (dwarfl:dl) exhibit 
dwarf phenotype, suggesting the role of Get in gibberellin signal transduction 
(Ashikari et ah, 1999; Fujisawa et ah, 1999). Expression of the Get gene is in- 
duced by an avirulent race of M. grisea, but not by a virulent race (Suharsono 
et ah, 2002). The dl mutants lacking the functional Get gene have defects in 
expression of PR genes, ROS production, and resistance response to the avir- 
ulent race (Suharsono et ah, 2002), indicating that Get plays essential roles in 
innate immunity. Furthermore, expression of the CA-OsRACl restores ROS 
production, PR gene expression, and resistance to the avirulent race in the d 1 
mutants, suggesting that OsRACl is downstream of Get in R-gene-mediated 
signal transduction pathways (Suharsono et ah, 2002). Involvement of het- 
erotrimeric G protein in innate immunity has also been found in Arabidopsis 
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(Llorente et al, 2005; Trusov et ah, 2006). However, how heterotrimeric G pro- 
teins are connected to ROP/RAC remains unknown. Furthermore, RLKs and 
heterotrimeric G proteins may not represent all upstream regulatory mecha- 
nisms for ROP activation. Identification of more interactors of RopGEF, Rop- 
GAP, and RopGDI will be important to fully reveal how the ROP signaling 
pathways are regulated in plants. 

3.6 Future perspectives 

It is clear that ROP GTPases play a crucial role in plant intracellular signaling. 
The function of ROPs has been linked to the regulation of many important 
processes during plant growth, development, and responses to the environ- 
ment. Recent studies have uncovered a large number of ROP interacting part- 
ners, including conserved and novel regulators and effectors as well as a num- 
ber of ROP-dependent signaling pathways/networks (Fig. 3.4, Color plate 6). 
However, the picture is far from being complete in our understanding of ROP 
signaling mechanisms and ROP-dependent ROP signaling path- 
ways/networks. It is anticipated that many functions for ROP signaling 
have yet to be discovered, and the difficulty in elucidating their functions 
lies in the complex function of a given ROP GTPase, which could be func- 
tionally redundant with other ROPs as well as controlling multiple signaling 
networks or processes. New functional partners of ROPs will continue to 
be identified, and their functional analysis may enhance our understanding 
of ROP functions. Little is known about the initial signals that control ROP 
signaling pathways/networks, although two phytohormones, auxin and 
ABA, have been implicated. A major challenge in the future is to identify 
these signals and to determine how they are linked to ROP regulators such 
as RopGEFs and RopGAPs. 
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Abstract: Plants have an expanded family of mitogen-activated protein kinases 
(MAPKs) in comparison with yeast and animals. Analysis of the completely se- 
quenced Arabidopsis, poplar, and rice genomes revealed 20, 21, and 15 members, 
respectively. These MAPKs have the potential to form numerous functional cas- 
cades with their upstream MAPK kinases (MAPKKs or MEKs) and MAPKK kinases 
(MAPKKKs or MEKKs). Biochemical and genetic analyses demonstrated that plant 
MAPK cascades play important roles in signaling plant growth, development, and 
response to environmental cues. It is also becoming clear that different functional 
cascades frequently share common components, suggesting complicated signaling 
networks centered on these MAPKs. How specificity is maintained when distinct 
functional pathways share common components is central to our understanding of 
plant intracellular signaling. Future research aimed at identifying upstream recep- 
tors/ sensors and downstream MAPK substrates will reveal the molecular mecha- 
nisms underlying MAPK functions and shed light on how signaling specificity is 
maintained. 

Keywords: mitogen-activated protein kinase (MAPK); cellular signaling; plant 
hormones; growth and development; stress response; disease resistance 

4.1 Mitogen-activated protein kinase cascades are 
evolutionarily conserved signaling modules in 
eukaryotic cells 

Mitogen-activated protein kinase (MAPK) cascades are highly conserved 
signaling modules in eukaryotes. They function downstream of sen- 
sors/receptors and convert signals generated at the sensors /receptors into 
cellular responses, typically through altering the expression of specific sets 
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of genes (Widmann et ah, 1999; Davis, 2000; Chang and Karin, 2001; Hazzalin 
and Mahadevan, 2002; Schwartz and Madhani, 2004). The core of an MAPK 
cascade consists of three interconnected kinases. MAPK, the last kinase in 
the cascade, is activated by dual phosphorylation of the threonine (Thr) and 
tyrosine (Tyr) residues in a tripeptide motif (Thr-Xaa-Tyr) located in the acti- 
vation loop (T-loop) between subdomains VII and VIII of the kinase catalytic 
domain. This phosphorylation is mediated by an MAPK kinase (MAPKK or 
MEK), which is activated, in turn, by an MAPKK kinase (MAPKKK or MEKK) 
through phosphorylation. There are multiple members in each of the three 
tiers of kinases, which contributes to the specificity of the transmitted sig- 
nal. In Arabidopsis, there are 20 MAPKs, 10 MAPKs, and about 60 MAPKKKs 
(MAPK Group, 2002). Other plant species have similar numbers (Hamel et ah, 
2006). When added together, they form the second-largest group of kinases 
in Arabidopsis. 

4.2 History of plant MAPK research 

Plant MAPK research began with the molecular cloning of kinases with high 
homology to mammalian/yeast MAPKs in 1993 independently by several 
groups (Duerr et al, 1993; Jonak et al, 1993; Mizoguchi et al, 1993; Stafstrom 
et ah, 1993). At about the same time, several MAPKKK genes were also iden- 
tified in plants (Banno et al., 1993). Earlier molecular and biochemical char- 
acterizations linked plant MAPKs to various processes including cell divi- 
sion, hormonal response, and stress response (Banno et al., 1993; Jonak et ah, 
1993; Mizoguchi et al., 1994; Seo et ah, 1995). However, because of the lack of 
member-specific antibodies, there was a disconnection between the molec- 
ular data and the identity of the kinase activity detected using biochemical 
assays. 

The first attempt of using a member-specific antibody to link a specific 
MAPK gene to a kinase activity was made in alfalfa by the Heribert Hirt 
group (Jonak et ah, 1996). This research concluded that MMK4 (Medicago MAP 
kinase 4; later renamed as SAMK) is specifically activated by cold and drought 
stresses based on an antibody raised against a peptide corresponding to the 
C-terminus of MMK4. However, this antibody is likely to recognize MMK1 
(later renamed as SIMK, salt stress-induced MAP kinase) because of the highly 
conserved C-termini of MMK4 and MMK1. MMK1 is the first alfalfa MAPK 
identified (Jonak et ah, 1993). Unfortunately, it was not included in the study 
to determine the specificity of the antibody (Jonak et ah, 1996). 

In search for kinases induced by salicylic acid (SA) in tobacco, Daniel 
Klessig's laboratory purified and cloned salicylic-acid-f nduced protein fcinase 
(SIPK), which encodes a tobacco MAPK sharing high homology with alfalfa 
MMK1 (Zhang and Klessig, 1997). SIPK was later shown to be activated by a 
variety of stress/ defense stimuli independent of SA (Zhang et ah, 1998; Zhang 
and Klessig, 1998a,b; Romeis et ah, 1999; Hoyos and Zhang, 2000; Mikolajczyk 
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et ah, 2000; Samuel and Ellis, 2002). As a result, SIPK becomes the acronym of 
stress-fnduced protein kinase. In-gel assay revealed a second smaller MAPK 
that was activated by tobacco mosaic virus (TMV) infection and elicitin treat- 
ment. This MAPK was determined to be WIPK (wound-induced protein ki- 
nase) using a member-specific antibody (Seo et ah, 1995; Zhang et ah, 1998; 
Zhang and Klessig, 1998b). 

Similar to animal and yeast systems, plant MAPKs are encoded by multi- 
gene families. A total of seven MAPKs were identified in Arabidopsis, a record 
held by Kazuo Shinozaki's group in the pregenome era (Mizoguchi et ah, 
1993). With the completion of the Arabidopsis genome sequencing project, it 
finally came to the age that we could catalog all the MAPKs, MAPKKs, and, to 
certain extent, MAPKKKs in a plant species (MAPK Group, 2002). This infor- 
mation is vital to the understanding of MAPK functions in a number of ways. 

Forward genetic studies identified several genes in MAPK cascades, in- 
cluding CTR1, MPK4, EDR1, YDA, and BUD1/MKK7 (Kieber et ah, 1993; 
Petersen et ah, 2000; Frye et ah, 2001; Bergmann et ah, 2004; Lukowitz et ah, 
2004; Dai et ah, 2006). The available T-DNA insertional mutants and genomic 
information permitted the use of a reverse genetic approach, which can over- 
come the functional redundancy issue. This approach begins to reveal novel 
functions of plant MAPKs (Krysan et ah, 2002; Chaiwongsar et ah, 2006; Wang 
et ah, 2007). 

4.3 Plant MAPK cascades 



After the identification of MAPKs, search for their upstream MAPKKs and 
MAPKKKs began. The criteria for placing an MAPKK or MAPKKK upstream 
of a specific MAPK or MAPKK, which can be coined from the definition of 
an MAPK cascade, are (1) the upstream kinase can phosphorylate the down- 
stream substrate MAPK, or MAPKK; (2) the phosphorylation by upstream 
kinase leads to the activation of downstream kinase; and (3) in vivo data 
to show that all three kinases in the cascade function in the same biological 
process. 

It is not difficult to determine whether a gene encodes an MAPKK because 
its sequences are highly conserved in all eukaryotes. However, it is not trivial 
to place an MAPKK upstream of a specific MAPK or MAPKs based on in 
vivo evidence. It is even more difficult to place an MAPKKK upstream of a 
specific MAPKK for several reasons. Firstly, it is not easy to assay the activity 
of MAPKKKs, which are large protein kinases with C-terminal and / or N- 
terminal extensions outside of the kinase domains. These extra sequences are 
involved in regulating the activity and specificity of the kinase domain of the 
MAPKKKs. As a result, the truncated constitutively active version with only 
the kinase domain may be unable to maintain the specificity in activating the 
downstream MAPKK(s). Secondly, the mechanisms underlying the activation 
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of MAPKKKs after the sensing of stimuli are largely unknown. Early evidence 
supporting the placement of an MAPKK or MAPKKK upstream of an MAPK 
or MAPKK, respectively included (1) direct interaction based on yeast two- 
hybrid assay (2) complementation of yeast mutants, and (3) coregulation at 
transcriptional level (Mizoguchi et al, 1996; Ichimura et al, 1998; Mizoguchi 
et al, 1998). 

4.3.1 Constitutively active MAPKK and MAPKKK mutants 

In yeast and animals, MAPKKs are activated through the phosphorylation of 
two Ser/Thr (S/T) residues in a conserved S-TxxxS-T motif by MAPKKKs 
(Widmann et al, 1999). When these two S/T residues are replaced with Glu 
(E) or Asp (D), the mutant MAPKK becomes constitutively active (Mansour 
et al, 1994; Wurgler-Murphy et al, 1997). It turns out that plant MAPKKs have 
a similar activation motif, with the exception that the two S/T residues are 
separated by five amino acids rather than the three in animals / yeast (Ichimura 
et al, 1998; Yang et al, 2001). Mutation of the Thr227 and Ser233 residues in 
the activation loop of tobacco NtMEK2 to Asp (D) residues gave rise to a 
constitutively active form of NtMEK2. Based on both the in vitro and in vivo 
evidence, it was concluded that NtMEK2 is upstream of both SIPK and WIPK 
(Yang et al, 2001). Recently, it was found that a third tobacco MAPK, Ntf4, 
is also downstream of NtMEK2 (Ren et al, 2006). Ntf4 shares high homology 
with SIPK, and might have originated from an ancient gene duplication event 
in the ancestral plant of Solanaceae family. 

The placement of an MAPKKK in a specific MAPK cascade reported is 
mostly based on protoplast gain-of-f unction analysis and/or genetic evi- 
dence (Asai et al, 2002; Takahashi et al, 2004; Ichimura et al, 2006; Nakagami 
et al, 2006; Suarez-Rodriguez et al, 2007; Wang et al, 2007). A complete Ara- 
bidopsis MAPK cascade (MEKK1-MKK4/ MKK5-MPK3 /MPK6) was estab- 
lished using a protoplast-based system (Asai et al, 2002). This cascade is 
activated in Arabidopsis treated with flg22, a peptide elicitor derived from 
bacterial flagellin. However, recent genetic results from several laborato- 
ries showed that MEKK1 functions upstream of MPK4 in the flg22 signal- 
ing pathway (Ichimura et al, 2006; Nakagami et al, 2006; Suarez-Rodriguez 
et al, 2007). In mekkl mutants, activation of MPK3/MPK6 after flg22 treat- 
ment is not altered. It remains to be determined whether the full activa- 
tion of MPK3 and MPK6 in mekkl plants after flg22 treatment is a result 
of redundant MAPKKKs or MEKK1 is not the endogenous MAPKKK up- 
stream of MPK3 and MPK6. Three other complete MAPK cascades have been 
established, including tobacco NPK1-NQK1-NRK1 in cytokinesis, tobacco 
MAPKKKa-MEK2-SIPK in avrPto-induced cell death, and Arabidopsis YDA- 
MKK4/MKK5-MPK3/MPK6 in stoma tal development and patterning based 
on both biochemical and genetic evidence (del Pozo et al, 2004; Takahashi et al, 
2004; Wang et al, 2007). 
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4.3.2 Are plant Raf-like kinases bona fide MAPKKKs? 

MAPKs and MAPKKs are highly conserved across species and between dif- 
ferent members within a species. However, MAPKKKs are highly divergent. 
In Arabidopsis, more than 60 kinases were predicted to encode MAPKKKs 
(MAPK Group, 2002; Champion et al, 2004). Among them, 12 belong to the 
MEKK subfamily and the remaining 50 or so belong to Raf4ike kinase sub- 
family. There are ample data, both biochemical and genetic, to implicate the 
MEKK-like members in plant MAPK cascades. However, no evidence is avail- 
able to support any of the Raf-like members yet. Based on the definition of 
MAPKKK, a kinase has to function upstream of an MAPKK-MAPK module 
before it qualifies as an MAPKKK. At present, it is unknown whether the 
Raf-like plant kinases are bona fide MAPKKKs. 

The founding members of the plant Raf-like kinase subgroup include CTR1 
and EDR1, two kinases identified in genetic screens (Kieber et al, 1993; Frye 
et al, 2001). CTR1 is a negative regulator of ethylene signaling, and EDR1 is 
a negative regulator of plant disease resistance. So far, there is no biochem- 
ical evidence to support that they function upstream of an MAPKK-MAPK 
module. CTR1 and EDR1 were classified in the B3 subgroup of plant Raf- 
like kinases (MAPK Group, 2002), with a C-terminal kinase domain and a 
putative regulatory N-terminal region. More detailed phylogenetic analysis 
leads to the conclusion that all plant Raf-like kinases are quite divergent from 
animal MAPKKKs. They are slightly more closely related to the kinase in 
the mixed lineage kinase (MLK) subfamily than to the Raf kinase (Tang and 
Innes, 2002). In mammals, kinases from several kinase subfamilies including 
MEKK, Raf, and MLK can all function as MAPKKKs (Widmann et al, 1999). 
However, not all MLK members function as MAPKKKs. Based on the fact that 
EDR1 shares no detectable similarity to any animal kinases outside the kinase 
domain, it is concluded that the EDR1 /CTR1 kinase subfamily is unique to 
flowering plants and it might be more appropriate not to infer them as MAP- 
KKKs functionally until biochemical evidence is obtained (Tang and Innes, 
2002). 



4.4 Negative regulation of plant MAPK cascades 

The physiological outcomes of the activation of an MAPK cascade are depen- 
dent on the duration of its activation. How long an MAPK stays active can 
be affected by either how long the upstream kinase remains active and /or 
whether an MAPK phosphatase is involved. Compared with the activation of 
MAPKs, their inactivation processes are less understood. There is almost no 
information about how plant MAPKKs and MAPKKKs are inactivated, which 
will certainly affect MAPK activities. In plants, both dual-specificity Tyr pro- 
tein phosphatases and S/T protein phosphatases have been implicated in 
the inactivation of MAPKs. Alfalfa MP2C, a PP2C-type protein phosphatase, 
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was shown to be a specific negative regulator of SIMK (also known as MMK1) 
(Meskiene et al, 1998, 2003). Inactivation of SIMK by MP2C is through Thr 
dephosphorylation of the pTEpY motif. Expression of MP2C is wound in- 
ducible, which correlates with the timing of SIMK inactivation, suggesting 
that MP2C might be responsible for the transient nature of SIMK activation 
by wounding stress. 

Arabidopsis DsPTPl, the first dual-specificity protein Tyr phsophatase 
identified in plants, was demonstrated to be able to dephosphorylate and 
inactivate MPK4 (Gupta et al, 1998). A genetic screen for mutants that are 
hypersensitive to genotoxic stresses (UV-C and methyl methanesulfonate) 
revealed the involvement of AtMKPl in regulating the activity of MAPKs 
(Ulm et al, 2002). AtMKPl, which specifically interacts with MPK3, MPK6, 
and MPK4, may regulate plant stress responses through the negative regula- 
tion of these MAPKs. Homologs of AtMPKl were also identified in tobacco 
and rice (Katou et al, 2005a; Katou et al, 2007). NtMPKl negatively regulates 
the activity of SIPK, which is dependent on its interaction with SIPK via the 
common docking domain of SIPK. 

In addition to DsPTPl and AtMPKl, another dual-specificity protein Tyr 
phosphatases, IBR5, was shown to modulate auxin and abscisic acid respon- 
siveness in Arabidopsis (Monroe- Augustus et al, 2003). ibr5 was isolated as an 
Arabidopsis indole-3-butyric acid-response mutant, and it is less responsive to 
other auxins and auxin transport inhibitors. In addition, it is less responsive 
to abscisic acid (ABA), another phytohormone. At this stage, it is unknown 
whether IBR5 confers these biological functions through inactivating plant 
MAPKs. 



4.5 Important tools/techniques in MAPK research 

Despite their late discovery and highly complicated regulation, MAPKs have 
become one of the best-studied kinase subfamilies in plants. This can be 
mostly attributed to the covalent modification of MAPKs, which makes it 
possible to detect the in vivo activation of MAPKs. This information can then 
be used to link them to specific biological functions. 

4.5.1 In-gel kinase activity assay 

MAPKs are relatively small kinases and can be renatured after sodium dode- 
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), which permits 
the use of in-gel kinase activity assay to determine their activities (Zhang 
and Klessig, 1997). Making this assay a more important tool is that MAPKs 
are activated by phosphorylation, a covalent modification that can be pre- 
served throughout the assay procedure. As a result, the activity detected in 
vitro using the in-gel kinase assay reflects their in vivo activation. For these 
reasons, in-gel kinase assay has become a very important assay to study the 



1 06 Intracellular Signaling in Plants 



regulation/ activation of MAPKs and to link a specific MAPK to a biological 
function. 

In-gel activity assays can reveal the size of the kinase and relative activity 
of a kinase. However, not all MAPKs phosphorylate myelin basic protein 
(MBP), the artificial substrate used in the assay at equal efficiency. As a result, 
no conclusion can be drawn about the relative activities between different 
MAPKs. The other caution is that not all MAPKs can use MBP as a substrate. 
As a result, this assay is not universal for all the MAPKs. 

4.5.2 Immune-complex kinase assay using 
member-specific antibodies 

In-gel kinase assay is a powerful method in determining the activity of 
MAPKs. In addition, the separation of kinases based on their sizes in the 
in-gel kinase assay allows the detection of multiple MAPKs with different 
sizes, and the identification of kinases to a certain extent. However, assign- 
ing the identity to a kinase based solely on size is not reliable, because many 
different MAPKs have similar size. As a result, we cannot use this method to 
positively link the kinase activity to a specific encoding gene. 

To make up this shortcoming, researchers often use so-called immune- 
complex kinase assay, which combines immunoprecipitation with a kinase 
activity assay to detect the activity of a specific kinase. Member-specific an- 
tibodies generated against peptides corresponding to the unique regions of 
MAPKs are used in the assay, which allows one to assign the activity to a 
specific MAPK. A number of member-specific antibodies have been raised 
against MAPKs from different plant species (Jonak et ah, 1996; Zhang et ah, 
1998; Zhang and Klessig, 1998a,b; Seo et ah, 1999; Cardinale et ah, 2000; 
Ichimura et ah, 2000; Samuel and Ellis, 2002; Gomi et ah, 2005). Arabidopsis 
MAPK antibodies are also commercially available. 

Great care should be paid to the specificity of the immunoprecipitation, 
which is determined by the antibody and the buffer conditions (mainly the 
concentration of salt and detergents added). In addition, the nonspecific co- 
valent cross-linking of kinases to the agarose beads, protein A, or IgG may 
contribute to the nonspecific pull-down of other kinases. This problem is 
more pronounced when one works with protein extracts rich in phenonic 
compounds, such as tobacco and stress-treated plants. Because of the high 
sensitivity of the in-solution kinase assay, even the smallest amount of ki- 
nases will phosphorylate enough MBP to give a band on the autoradiogram. 
Frequently, the nonspecifically immunoprecipitated kinase activity follows 
the change of the major kinase in the extracts. 

There are two remedies for this problem. First is to perform a competition 
experiment using the peptide to which the antibody was raised. Only the 
specific binding can be competed off the immune complex. In contrast, non- 
specific binding or the cross-linking of other kinases to the beads, protein A, 
or IgG will not be affected. We have used this competition assay to confirm 
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the identities of the MAPKs (Zhang et al, 1998; Zhang and Klessig, 1998a,b). 
Alternatively, in-gel kinase assay, rather than in-solution kinase assay, can be 
performed after immunoprecipitation. Nonspecifically cross-linked kinase(s) 
may remain covalently bound to agarose beads and be removed. In addition, 
the nonspecifically bound kinases may have a different size as that of the 
subject kinase. Furthermore, the nonspecifically bound kinases may not be 
able to renature after SDS-PAGE and, therefore, are eliminated from the assay 
(Ren et al, 2006). 

4.5.3 Commercial phospho-specific antibodies 

Plant MAPKs have either TEY or TDY activation motif, the first of which is 
identical to that of the ERK subfamily of mammalian MAPKs. A number of 
companies offer anti-active ERK antibodies, which are specific for the dually 
phosphorylated TEY motif (pTEpY). They have been used successfully to 
detect the activation of MAPKs in plants by immunoblot analysis (Samuel 
and Ellis, 2002; Yang et al., 2002). This detection method is similar to the in- 
gel kinase assay, which detects the relative activation of an MPAK and its 
size but is unable to reveal the identity of the MAPK. The advantage of this 
detection method is that no radioactive material is needed for the assay. The 
disadvantage is that it is not as reliable and its sensitivity is lower than that 
of the in-gel kinase assay. 

4.5.4 MAPK-specific inhibitors 

Specific inhibitors, which were identified in drug screenings, are widely used 
in studying animal MAPK signaling pathways (reviewed in Da vies et al., 
2000). The most frequently used are PD98059 and U0126. They inhibit the 
activation of ERKs by preventing the activation of MKK1 via slightly different 
mechanisms. They are effective at micro- or submicro molar concentrations. At 
high concentrations, both have additional kinase targets (Davies et al, 2000). 
In plants, there are mixed reports about the effectiveness of these inhibitors 
(Zhang et al., 2000; Desikan et al., 2001; Lee et al., 2001). In our hands, neither 
U0126 nor PD98059 was able to inhibit the activation of SIPK/WIPK in cell 
suspension at nonlethal concentrations. It was also reported that these two 
inhibitors potentiate the activation of an auxin-induced MAPK (Mockaitis 
and Howell, 2000). As a result, these inhibitors should be used with caution. 

4.5.5 Genetic gain- and loss-of-function 
mutant/transgenic approaches 

Almost always, a stimulus will activate multiple signaling pathways in a cell. 
To isolate and study the responses downstream of a specific MAPK cascade, 
researchers frequently use the gain-of -function constitutively active mutants. 
There was no success story in generating an active MAPK mutant yet. In 
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contrast, both active MAPKK and MAPKKK mutants have been reported 
(Yang et al, 2001; Asai et al, 2002; Takahashi et al, 2007a). 

Forward genetic screens identified only a few components in the MAPK 
cascade, including MPK4, YD A, and BUD1/MKK7 (Petersen et al, 2000; 
Bergmann et al, 2004; Lukowitz et al., 2004; Dai et al, 2006). Part of the reason 
is the gene redundancy in the MAPK signaling pathway. With the availability 
of various collections of insertional mutants and the use of reverse genetic 
approaches, novel functions have been assigned to plant MAPK cascades 
(Krysan et al, 2002; Chaiwongsar et al, 2006; Wang et al, 2007). 

4.6 Biological functions of MAPK cascades in plants 

In spite of the highly conserved organization, plant MAPK cascades have 
evolved to carry out functions that are unique to plants, such as phragmo- 
plast formation in cytokinesis, stoma tal development and patterning, embryo 
development, pollen development, regulation of plant hormone biosynthesis, 
and plant hormone signaling. A subset of plant MAPKs including Arabidopsis 
MPK3, MPK6, and MPK4, as well as their orthologs in other plant species, 
is also involved in signaling plant stress / defense responses, which is func- 
tionally analogous to mammalian SAPK/JNK and p38 MAPKs (Widmann 
et al, 1999; Davis, 2000). However, plant-stress-responsive MAPKs have the 
TEY activation motif and were likely to evolve from the ancient MAPK that 
also gave rise to mammalian ERK subfamily of MAPKs (Caffrey et al, 1999). 
As a result, functions of MAPKs in stress / defense responses evolved inde- 
pendently in plants and animals, implying divergent mechanisms of their 
functions. Consistent with this, plant-stress-responsive MAPKs phosphory- 
late plant-specific substrates (Liu and Zhang, 2004; Andreasson et al, 2005). 

4.6.1 MAPK cascades in plant stress/defense signaling 

Based on gain- and loss-of-function analyses, stress-responsive MAPK cas- 
cades represented by Arabidopsis MPK3, MPK6, and MPK4 have been shown 
to play important roles in defense gene activation, reactive oxygen species 
(ROS) induction, stress-hormone biosynthesis, stress-hormone signaling, cell 
death, and disease resistance (reviewed in Mizoguchi et al, 1997; Tena 
et al, 2001; Zhang and Klessig, 2001; Nakagami et al, 2005; Pedley and Mar- 
tin, 2005). Functions of plant MAPK cascades in stress /defense signaling are 
summarized in Fig. 4.1. 

4.6.1.1 MAPK cascade in plant innate immunity and disease resistance 

The active defense of plants against invading pathogens often includes the 
generation of ROS, the activation of a complex array of defense genes, the 
production of antimicrobial phytoalexins, and rapid cell death known as hy- 
persensitive response (HR) (Dangl and Jones, 2001; Dixon, 2001; Martin et al, 
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2003; Greenberg and Yao, 2004; Torres and Dangl, 2005). In addition to these 
local responses, the uninfected portions of the plant usually develop systemic 
acquired resistance (SAR), which is manifested as enhanced resistance to a 
subsequent challenge by pathogens (Durrant and Dong, 2004). These defense 
responses are regulated by a complex signaling network initiated by pathogen 
recognition, which is mediated either by gene-for-gene interactions between 
plant resistance (R) genes and pathogen avirulence ( Avr) genes or by the bind- 
ing of non-host-specific pathogen-associated molecular patterns (PAMPs) to 
their receptors (Staskawicz et al, 1995; Dangl and Jones, 2001; Martin et al, 
2003; Boiler, 2005). 

Biochemical studies from a number of laboratories demonstrated that 
the tobacco MAPKs, SIPK, and WIPK, and their orthologs in other plant 
species, including MPK6 and MPK3 in Arabidopsis, SIMK and SAMK in al- 
falfa, LeMPKl/2 (LeSIPK) and LeMPK3 (LeWIPK) in tomato, and PcMPK6 
and PcMPK3 in parsley, are activated in plants treated with PAMPs or after 
pathogen infection (Stratmann and Ryan, 1997; Zhang et al, 1998; Zhang and 
Klessig, 1998b; Romeis et al, 1999; Cardinale et al, 2000; Kovtun et al, 2000; 
Niihse et al, 2000; Zhang et al, 2000; Desikan et al, 2001; Lee et al, 2001 ; Yuasa 
et al, 2001 ; Asai et al, 2002; Link et al, 2002; Ekengren et al, 2003; Holley et al, 
2003; Kroj et al, 2003; del Pozo et al, 2004; Lee et al, 2004; Pedley and Mar- 
tin, 2004). In tobacco, SIPK and WIPK share a common upstream MAPKK, 
NtMEK2 (Yang et al, 2001). There are two NtMEK2 orthologs in Arabidopsis, 
MKK4 and MKK5, which are likely to have arisen from a relatively recent 
gene duplication (Asai et al, 2002; MAPK Group, 2002; Ren et al, 2002; Hamel 
et al, 2006). Recently, additional MAPKKs including tomato LeMKK4 and 
tobacco NbMKKl, which are more closely related to Arabidopsis MKK7 and 
MKK9, were shown to activate the same MAPKs and induce HR-like cell death 
(Pedley and Martin, 2004; Takahashi et al, 2007b). The MAPKKKs upstream 
of NtMEK2 / MKK4/ MKK5 include MEKK1 and MAPKKKa (Asai etal, 2002; 
del Pozo et al, 2004). 

Loss- and gain-of-function studies provided genetic evidence, supporting 
a positive role of this MAPK cascade in signaling plant disease resistance, 
although the underlying mechanism(s) remains to be determined (Yang et al, 
2001; Asai et al, 2002; Ren et al, 2002; Jin et al, 2003; Kroj et al, 2003; Sharma 
et al, 2003; Yoshioka et al, 2003; del Pozo et al, 2004; Menke et al, 2004). Ac- 
tivation of MPK3/MPK6 by PAMPs or Avr factors occurs within 1-5 min, 
representing one of the earliest detectable defense responses. The rapid ac- 
tivation of these two MAPKs potentially allows them to regulate a variety 
of other early, intermediate, and late defense responses. The identification of 
the first plant MAPK substrate revealed that MPK3/MPK6 regulates ethy- 
lene production by stabilizing a subset of 1-aminocyclopropane-l-carboxylic 
acid synthase (ACS) isoforms after direct phosphorylation (Kim et al, 2003; 
Liu and Zhang, 2004). Ethylene induction is associated with plant defense 
responses, and positively regulates defense gene expression. However, its 
function in plant disease resistance is complex. It seems that ethylene can 
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modulate both resistance and susceptibility responses of plants (Wang et al, 
2002; Broekaert et al, 2006). In addition to regulating ethylene biosynthesis, 
this MAPK pathway is also involved in regulating defense gene activation (a 
subset is likely to be downstream of ethylene), ROS generation, and HR-like 
cell death (Yang et al, 2001; Zhang and Liu, 2001; Ren et al, 2002; Kroj et al, 
2003; Yoshioka et al, 2003; Kim and Zhang, 2004). These findings indicate that 
the MPK3 /MPK6 cascade regulates multiple defense responses, either in par- 
allel or sequentially, and the compromised resistance in the loss-of-function 
plants could be due to defects in multiple defense responses. 

4.6.1.2 MPK4 negatively regulates SAR 

Besides MPK3 and MPK6, a number of biotic and abiotic stresses also activate 
MPK4 (Ichimura et al, 2000; Droillard et al, 2004; Teige et al, 2004; Ichimura 
et al, 2006; Nakagami et al, 2006; Suarez-Rodriguez et al, 2007). Transposon 
inactivation of Arabidopsis MPK4 results in constitutive SAR, including ele- 
vated SA levels, increased resistance to virulent pathogens, and constitutive 
pathogenesis-related gene expression. As a result, it was concluded that Ara- 
bidopsis MPK4 functions as a negative regulator of SAR (Petersen et al, 2000). 
Analysis of mpk4/NahG and mpk4/nprl double mutants indicated that SAR in 
mpk4 is dependent on elevated SA levels but is independent of NPR1 . Inter- 
estingly, jasmonic acid (JA)-induced PDF1.2 and THI2.1 gene expression was 
blocked in mpk4, suggesting that MPK4 is a positive regulator of the JA re- 
sponse. Recently, it was shown that mpk4 mutants are also defective in defense 
gene induction in response to ethylene (Brodersen et al, 2006). 

MKS1, which was identified as MPK4-interacting protein in a yeast two- 
hybrid screen, was shown to be an MPK4 substrate (Andreasson et al, 
2005). MKS1 has potential MAPK phosphorylation sites. Biochemical analysis 
showed that active MPK4 immunoprecipitated from Arabidopsis seedlings can 
phosphorylate recombinant MKS1 in vitro. Overexpression of MKS1 results in 
the dwarf phenotype similar to mpk4 null mutants, indicating the functional 
link between these two proteins. Like the mpk4 mutant, pathogenesis-related 
proteins that are normally induced in SAR are upregulated in MKS1 over- 
expression transgenic plants and the transgenic plants are more resistant to 
pathogen attack. Furthermore, the mpk4 mutant can be partially rescued by 
reducing MKS1 expression, indicating that MPK4 negatively regulates MKS1 
activity after phosphorylation. 

4.6.1.3 An MAPK cascade in plant freezing and salt tolerance 

MPK3 and MPK6, as well as their orthologs in other plant species, are acti- 
vated in plants subjected to a diverse array of abiotic stresses, including salin- 
ity, osmotic stress, cold, drought, wounding, and even touching (reviewed in 
Mizoguchi et al, 1997; Tena et al, 2001; Zhang and Klessig, 2001; Nakagami 
et al, 2005; Pedley and Martin, 2005). Ethylene biosynthesis, which is induced 
by all these stresses, is likely one of the outputs of MPK3/MPK6 activation 
(Kim et al, 2003; Liu and Zhang, 2004). MPK4 is activated by a similar set of 
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abiotic stresses, including cold, low humidity, hyperosmolarity, touch, and 
wounding (Ichimura et ah, 2000). Recently, it was reported that the loss-of- 
function mutant mpk4 is more tolerant to hyperosmotic stress, although no 
activation of MPK4 was detected in plants subjected to hyperosmotic stress 
(Droillard et ah, 2004). It is therefore concluded that MPK4 is a negative reg- 
ulator of hyperosmotic stress responses. MKK1 (AtMEKl) may function up- 
stream of MPK4 in the stress-response pathway (Matsuoka et ah, 2002). MKK1 
protein immunoprecipitated from Arabidopsis seedlings subjected to drought, 
high salt, wounding, and cold stresses showed higher activity toward recom- 
binant kinase-inactive MPK4. 

MKK2, a close homolog of MKK1, was reported to be upstream of both 
MPK4 and MPK6 (Teige et ah, 2004). In Arabidopsis protoplasts, MKK2 
was specifically activation by cold and salt stress and by the stress- 
induced MEKK1 . Plants overexpressing MKK2 exhibited constitutive MPK4 
and MPK6 activity, constitutively upregulated expression of stress-induced 
marker genes, and increased freezing and salt tolerance. In contrast, mkk2 
mutant plants were impaired in MPK4 and MPK6 activation and were hy- 
persensitive to salt and cold stress. At this stage, the function of MKK1 in the 
cold and salt stress response is unknown. Biochemical evidence revealed that 
MKK1 is activated by these two stresses and it functions upstream of MPK4 
(Matsuoka et ah, 2002). On the other hand, loss-of-f unction MKK2 is sufficient 
to give a mutant phenotype, which suggests that MKK1 is not sufficient to 
complement the loss of MKK2 in the process (Teige et ah, 2004). In this study, it 
was also shown that MKK2 mediates the activation of MPK4/MPK6 by gain- 
of-function MEKK1, indicating that MEKK1 could be an upstream MAPKKK 
of MKK2 in the cold and salt stress response. 

4.6.1.4 MAPK cascade and ROS, two interconnected signaling pathways 

Several reports relate ROS to the activation of stress-responsive MAPKs in 
plants under stresses (Romeis et ah, 1999; Kovtun et ah, 2000; Yuasa et ah, 2001 ; 
Apel and Hirt, 2004; Rentel et ah, 2004). Ozone (0 3 ) treatment rapidly activates 
SIPK and WIPK in tobacco (Samuel and Ellis, 2002). High concentrations of 
H2O2, when exogenously added, activate SIPK/WIPK or their orthologs in 
other plants. However, whether ROS generation after pathogen infection or 
elicitor treatment is required for the activation of MAPKs by these stimuli 
remains controversial. It was shown that Avr9-induced SIPK/WIPK activa- 
tion is not dependent on a burst of ROS from membrane-associated NADPH 
oxidases (Romeis et ah, 1999). Consistent with this report, we found that the 
rapid oxidative burst induced by elicitin is not required for SIPK activation by 
elicitin either. In addition, elicitin-induced activation of SIPK/Ntf4/WIPK, 
which occurs within 1 min after elicitin treatment, precedes the oxidative 
burst, which is only detectable 10 min after elicitin treatment (Y. Liu and S. 
Zhang, unpublished data). These results suggest that the MAPK activation 
after the perception of pathogens / elicitors is independent of ROS burst. They 
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are two parallel downstream events after the sensing step, and the ROS burst 
may then positively feed into MAPK activation. 

It was also reported that NADPH oxidase is a downstream target of 
SIPK/WIPK in the induction of H 2 0 2 generation. Activation of SIPK/WIPK 
by the active MEK2 DD induced NbrbohB expression (Yoshioka et ah, 2003). Us- 
ing the luminal-based chemiluminescence method, we failed to detect a rapid 
H2O2 burst in NtMEK2 DD plants after dexamethasone (DEX) treatment (Yang 
et ah, 2001; Ren et ah, 2002). Similar experiments using conditional gain-of- 
function Arabidopsis seedlings yielded negative results as well (Y. Liu and S. 
Zhang, unpublished data), suggesting that SIPK/Ntf4/ WIPK activation is not 
involved in the early ROS burst from NADPH oxidase in pathogen-infected 
plants. Alternatively, SIPK/Ntf4/WIPK activation is not sufficient to induce 
ROS generation from NADPH oxidases and the activation of additional path- 
ways is needed. In either scenario, the transcriptional activation of NbrbohB 
expression by an MAPK cascade (Yoshioka et ah, 2003) is likely to be too 
slow to account for the rapid ROS burst. Recently, we found that chloroplast- 
generated ROS are involved in HR-like cell death after SIPK/Ntf4/WIPK 
activation (Liu et ah, 2007). 

4.6.2 MAPK cascades in phytohormone 
biosynthesis and signaling 

Plant hormones are critical to plant growth, development, and response to the 
environment. Recent molecular genetic analyses greatly enriched our knowl- 
edge of the perception of hormones and downstream signaling pathways 
that lead to the physiological responses. Components of plant MAPK cas- 
cades have been implicated in both the regulation of hormone biosynthesis 
and the signaling events downstream of hormone sensing. Functions of plant 
MAPK cascades in plant hormone signaling are summarized in Fig. 4.2. 

4.6.2.1 MAPK cascades in regulating ethylene biosynthesis and 
ethylene signaling 

Ethylene, a gaseous plant hormone, plays important roles in regulating plant 
growth, development, and response to biotic/abiotic stress stimuli (Abeles 
et ah, 1992; Wang et ah, 2002; Broekaert et ah, 2006). Ethylene is sensed by a 
group of five transmembrane histidine kinase receptors, ETR1, ETR2, ERS1, 
ERS2, and EIN4, which initiate ethylene signaling pathways and activate 
ethylene responses (reviewed in Schaller and Kieber, 2002; Wang et ah, 2002; 
Chang and Bleecker, 2004). 

4.6.2.1.1 A putative MAPKKK in ethylene signaling. CTR1, whose mutation 
results in a constitutive ethylene response, functions as a negative regula- 
tor downstream of the ethylene receptors. The C-terminal kinase domain of 
CTR1 bears similarity to the kinase domain of animal Raf MAPKKK (Kieber 
et ah, 1993). As a result, it was proposed that an MAPK cascade is involved in 
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ethylene signaling. However, an intense searches for its downstream MAPKK 
and MAPK have since then not been able to generate indisputable evidence 
that CTR1 functions as an MAPKKK in an MAPK cascade. It was reported 
that alfalfa MAPKs, SIMK and MMK3, and their upstream MAPKK, SIMKK, 
are downstream of CTR1 in an MAPK cascade (Ouaked et al., 2003). How- 
ever, the critical experiment described in the report is seriously flawed. 
In order to fit with the ethylene signaling pathway based on genetic evi- 
dence, the CTR1 MAPKKK has to negatively regulate the MAPKK (SIMKK) 
(Ouaked et al., 2003). No data were provided to support such unprecedented 
MAPKKK-MAPKK relationship. The Arabidopsis orthologs of alfalfa SIMK 
and MMK3 are MPK6 and MPK13, respectively. It was found that double- 
mutant seedlings of mpk6 and mpkl3 have no ethylene phenotype (Ecker, 
2004). As a result, it remains an open question whether an MAPK cascade is 
involved in ethylene signaling downstream of ethylene receptors. 

4.6.2.1.2 Stress-responsive MAPK cascade in regulating ethylene biosynthesis. 
Ethylene-regulated processes begin with the induction of its biosynthesis, 
which is under tight regulation (Zarembinski and Theologis, 1994; Kende, 
2001; Wang et al, 2002; Chae and Kieber, 2005). Plants produce dramatically 
higher levels of ethylene during seed germination, leaf/ flower senescence, 
fruit ripening, and exposure to stress stimuli (Abeles et ah, 1992; Wang et al., 
2002; Broekaert et al., 2006; van Loon et ah, 2006). There are only two enzymes 
that are specific for the ethylene biosynthetic pathway, the conversion of 
S-adenosyl-L-methionine (SAM) to 1-aminocyclopropane-l-carboxylic acid 
(ACC), which is catalyzed by ACC synthase (ACS), and the oxidative cleav- 
age of ACC to form ethylene, which is catalyzed by ACC oxidase (ACO) 
(Abeles et al., 1992). Both enzymes are encoded by small gene families. In 
general, ACS activity is very low in tissues that do not produce significant 
amount of ethylene. In contrast, ACO activity is constitutively present in most 
vegetative tissues. On stimulation, ACS activity is rapidly induced. Therefore, 
ACS is the rate-limiting enzyme and is the major regulatory step in the induc- 
tion of ethylene (Wang et al., 2002; Chae and Kieber, 2005). Based on studies 
using general kinase and phosphatase inhibitors, protein phosphorylation 
and dephosphorylation were implicated in the regulation of ACS activity 
and ethylene induction in plants under stress (Spanu et al., 1994). However, 
the specific kinase involved and the underlying mechanism are unknown. 

Biochemical and genetic analyses using Arabidopsis mutants / transgenics 
functionally placed the stress-responsive MPK6 cascade in the signaling path- 
way regulating ethylene biosynthesis in plants under stress (Liu and Zhang, 
2004). This research began with the finding that the activation of SIPK and 
WIPK by the constitutively active NtMEK2 DD resulted in a dramatic increase 
in ethylene production in the conditional gain-of -function GVG-NtMEK2 DD 
transgenic tobacco (Kim et al., 2003). The increase in ethylene after the ac- 
tivation of SIPK/WIPK coincides with a dramatic increase in ACS activity. 
It was later found that ACS2 and ACS6, and likely ACS1, which forms a 



116 Intracellular Signaling in Plants 



subgroup of the Arabidopsis ACS family, are substrates of MPK6. Phospho- 
rylation of ACS2 and ACS6 by MPK6 leads to the accumulation of ACS 
protein, the rate-limiting enzyme of ethylene biosynthesis, thus elevating 
cellular ACS activity and ethylene production. These conclusions are based 
on the following evidence: (1) stress-induced activation of MPK6/SIPK pre- 
cedes and correlates with the stress induction of ethylene; (2) activation 
of MPK6/SIPK and MPK3/WIPK in the conditional gain-of-function Nt- 
MEK2 DD transgenic plants leads to ethylene production; (3) full induction of 
ethylene by NtMEK2 DD and flg22 elicitor requires a functional MPK6 gene; (4) 
the enhanced ethylene production after MPK6 activation is associated with 
the increase in ACS6 activity; (5) ACS6, ACS2, and ACS1, which form a unique 
clade in the ACS family, contain conserved MAPK phosphorylation sites; (6) 
recombinant ACS6 and ACS2 can be phosphorylated by active MPK6 very 
efficiently in vitro; (7) ACS6 is phosphorylated in vivo after MPK6 activation 
by NtMEK2 DD and flg22 elicitor; (8) MPK6 phosphorylation sites in ACS6 are 
essential for ACS6 accumulation after MPK6 activation in vivo; (9) ACS6 DDD , 
a mutant that mimics phospho-ACS6, accumulates in the transgenic plants in 
the absence of stress stimuli, and the transgenic plants constitutively overpro- 
duce ethylene and show ethylene-induced phenotypes; (10) genetic analysis 
of acs6 and acs2 mutants placed them in the MAPK-activation-induced ethy- 
lene production; and (11) ethylene signaling pathway is required for pheno- 
types in the gain-of-function ACS6 DDD and ACS2 DDD transgenic plants (Kim 
et ah, 2003; Liu and Zhang, 2004) (Y. Liu and S. Zhang, unpublished data). 

ACS is the first plant MAPK substrate identified, which not only uncovers a 
signaling pathway that modulates the biosynthesis of ethylene, an important 
plant hormone, but also reveals one mechanism by which stress-responsive 
MAPK regulates plant stress response. 

4.6.2.2 Stress-responsive MAPKs in SA and JA biosynthesis and 
signaling pathways 

In addition to ethylene, there are two additional plant hormones/ regulators, 
SA and J A, that are involved in regulating plant stress /defense response 
(Creelman and Mullet, 1997; Durrant and Dong, 2004). The levels of SA and 
JA are responsive to stress/ defense stimuli. MAPKs have been implicated in 
both SA and JA signaling pathways and the induction of their biosynthesis, 
although the underlying mechanisms are still unknown. 

4.6.2.2.1 Tobacco SIPK. One of the early pieces of evidence implicating the 
involvement of plant MAPKs in stress signaling is the purification and identi- 
fication of SIPK, or salicylic-acid-induced protein kinase (Zhang and Klessig, 
1997). SIPK was later found to be activated by a variety of stress stimuli in- 
dependent of SA, based on two facts: (1) stresses including wounding, which 
do not induce SA, activate SIPK, and (2) SIPK activation by stress/PAMPs 
precedes the induction of SA (Zhang et ah, 1998; Zhang and Klessig, 1998a,b). 
As a result, SIPK became the acronym of stress-mduced protein fcinase, which 
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reflects its nature better. At this stage, the function of SIPK in SA signaling 
pathway is unknown. 

Based on research in Brian Ellis's laboratory, SIPK may function as a nega- 
tive feedback regulator of SA biosynthesis. SA, J A, and ethylene are involved 
in ozone-induced responses, including cell death (Rao et al., 2002). Ozone 
induces rapid activation of SIPK (Samuel and Ellis, 2002). Interestingly, over- 
expressing SIPK in tobacco plants potentiates ozone-induced ethylene pro- 
duction but suppresses ozone-induced SA accumulation (Samuel et al., 2005). 
As detailed below, SIPK is also implicated in JA signaling and the induction of 
JA biosynthesis, which may reflect the complex role of this MAPK cascade in 
plant stress/ defense signaling. It is also likely that some of the reported find- 
ings are secondary and/ or nonspecific effects of the mutants/ transgenics. At 
this stage, we need to make efforts to identify additional SIPK/WIPK sub- 
strates, which will reveal the underlying molecular mechanisms of MAPK 
action and allow the establishment of a direct link between these events. 

4.6.2.2.2 Stress-responsive MAPKs in JA biosynthesis. JA and other oxylipins 
play important roles in plant stress/ defense and development (Creelman and 
Mullet, 1 997) . JA is highly induced by wounding or insect chewing. In tobacco, 
wounding causes rapid activation of SIPK and Ntf4, two highly homologous 
MAPKs (Seo et al, 1995; Zhang and Klessig, 1998a; Seo et al, 1999; Ren et al, 
2006). In plants with elevated levels of WIPK protein either due to preexposure 
to stress, which induces WIPK, or due to ectopic overexpression, activation 
of WIPK is also detected (Liu et al, 2003). It was concluded that activation of 
WIPK is required for the production of wound-induced JA (Seo et al, 1995). 
Later, it was shown that overexpression of WIPK is sufficient to induce J A (Seo 
et al., 1999). However, in the conditional gain- of-f unction NtMEK2 DD plants, 
activation of SIPK and WIPK is not sufficient to induce JA accumulation 
(Kim et al., 2003). As a result, the exact role of WIPK in JA induction remains 
unresolved. It could also be possible that these two MAPKs are required, but 
not sufficient, to induce JA biosynthesis. Recently, it was reported that wound- 
induced JA production was reduced in WIPK-, SIPK-, or WIPK/SIPK RNAi 
gene silencing plants. In contrast, both SA and transcripts of SA-responsive 
genes accumulated abnormally in these plants (Seo et al, 2007). Based on these 
findings, it is concluded that WIPK and SIPK play an important role in JA 
production in response to wounding and that they function cooperatively to 
control SA biosynthesis. 

4.6.2.2.3 An MAPKK-MAPK module in JA signaling. Making things even 
more complex, MPK6 (the Arabidopsis SIPK ortholog) was recently shown to 
be an important part of the JA signal transduction pathway in Arabidopsis 
(Takahashi et al, 2007a). MKK3 is the upstream kinase of MPK6 in this path- 
way. ATMYC2 / J ASMONATE-INSENSITIVE1 (JIN1) is a positive regulator 
of JA-inducible gene expression and essential f or JA-dependent developmen- 
tal processes in Arabidopsis (Lorenzo et al., 2004). Both positive and negative 
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regulation by JA may be used to fine-tune ATMYC2 /JIN1 expression to con- 
trol JA signaling. It was shown that the MKK3-MPK6 module is involved in 
JA-dependent negative regulation of ATMYC2/JIN1 expression based on mi- 
croarray analysis. Moreover, JA-regulated root growth inhibition is affected 
by mutations in the MKK3-MPK6 cascade, implicating them in the JA signal- 
ing pathway. A model was proposed to explain how MPK6 can convert three 
distinct signals, including JA, pathogen, and cold and salt stress, into three 
different sets of responses in Arabidopsis (Takahashi et ah, 2007a). 

4.6.2.2.4 MPK4 negatively regulates SA biosynthesis and positively regulates JA 
signaling. In addition to MPK3 and MPK6, the other stress-responsive MAPK, 
MPK4, was also implicated in the JA signaling pathway. Mutant mpk4 plants 
exhibit constitutive activation of SA-dependent defenses, but fail to induce 
JA defense marker genes in response to JA (Petersen et ah, 2000). Express- 
ing NahG (a bacterial salicylate hydroxylase that converts SA into catechol) 
in mpk4 plants partially rescue the mpk4 mutant phenotypes, indicating that 
mpk4 is upstream of SA accumulation in the SAR signaling. However, remov- 
ing SA in NahG/mpk4 double mutant was unable to reverse the suppression 
of JA-inducible gene expression (Petersen et ah, 2000). This result indicates 
that MPK4 positively regulates JA-inducible responses independently of its 
negative regulatory role in SA-mediated SAR. 

With the recent report that mpk4 mutant plants are also defective in defense 
gene induction in response to ethylene (Brodersen et ah, 2006), the picture, 
again, becomes very complicated, with all three stress / defense-related hor- 
mones (SA, JA, and ethylene) implicated as the downstream targets of MPK4. 
As detailed below, MPK3, MPK6, and MPK4 also play important roles in plant 
growth and development (Petersen et ah, 2000; Wang et ah, 2007). As a result, 
it is important to sort out primary defense responses from the secondary and, 
possibly, nonspecific defense activation due to growth/ development defects 
in the loss-of-function mutants. Only the primary specific responses regulated 
by these MAPKs will eventually be supported by the information from their 
MAPK substrates. 

4.6.2.3 MAPK cascade in auxin signaling 

Auxin is essential to plant growth and development. Recently, it was shown 
that auxin also plays important roles in plant defense (Navarro et ah, 2006). 
The mechanism of auxin action has been intensely investigated for many 
decades. Recently, TIR1, an F-box protein, was shown to be an auxin re- 
ceptor. Direct binding of auxin by SCF TIR1 triggers SCF TIR1 to interact with 
transcriptional regulators Aux/IAA and target them to degradation via the 
ubiquitin-proteasome pathway (Dharmasiri et ah, 2005; Kepinski and Leyser, 
2005). The degradation of Aux/IAA releases auxin response factor, allowing 
auxin-responsive transcription activation. Although it could be possible that 
the TIR1 receptor accounts for a large set of the auxin-mediated responses, ad- 
ditional signaling mechanisms may exist in plants (Badescu and Napier, 2006) . 
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4.6.2.3.1 Tobacco NPK1 and Arabidopsis ANPs in auxin signaling. Several 
components of MAPK cascades were implicated in auxin signaling and 
transport. Transient overexpression of ANPK1, the kinase domain of NPK1, 
was shown to suppress the induction of an early auxin-response gene in 
a protoplast system (Kovtun et ah, 1998). Expression of the kinase domain 
of ANP1, one of the Arabidopsis orthologs of tobacco NPK1, gave similar 
results. Based on these findings, it was concluded that NPK1 is a negative 
regulator of auxin signaling (Kovtun et ah, 1998). Later, it was found that 
constitutively active AANP1 activates MPK3 and MPK6, which mimics the 
effect of H2O2 treatment and induces specific stress-responsive genes, but 
blocks the action of auxin. Therefore, it was proposed that oxidative stress 
suppresses auxin-inducible genes through the activation of ANP1 MAPK 
cascade (Kovtun et al., 2000). 

Evidence supporting the role of tobacco NPK1 and Arabidopsis ANP1 in 
auxin signaling is based on gain-of-function analysis, using the truncated 
MAPKKK without the regulatory domain (Kovtun et ah, 1998; Kovtun et ah, 
2000). Interestingly, the same MAPKKK was demonstrated to be involved in 
cytokinesis (discussed in more detail later). The later function of NPK1 and 
ANP1 is supported by loss-of-function genetic evidence from several groups 
(Nishihama et ah, 2001; Jin et ah, 2002; Krysan et ah, 2002). Arabidopsis has 
two additional homologs of NPK1 besides ANP1. They are ANP2 and ANP3. 
Single-mutant plants of all three genes displayed no obvious abnormal phe- 
notypes, while anp2/anp3 double-mutant combinations displayed defects in 
cell division and growth. The triple-mutant combination was not transmit- 
ted through either male or female gametes. Plants with anp2/anp3 genotype 
display no change in auxin sensitivity. GeneChip analysis failed to reveal 
change in auxin-regulated gene expression in the anp2/anp3 double mutant 
either (Krysan et ah, 2002). Further experiments are needed to address these 
apparently contradictory results. 

Rapid MAPK activation was detected in Arabidopsis roots after auxin treat- 
ment (Mockaitis and Howell, 2000). More importantly, the MAPK activation 
was abolished in the auxin-resistant mutant axr4, linking MAPK activation 
to a known auxin signaling component. However, a prior report showed that 
the auxin-induced MAPK activation is a result of cytoplastic acidification, a 
nonspecific effect of auxin treatment (Tena and Renaudin, 1998). The identity 
of the MAPK induced by auxin is still unknown. A more definitive answer to 
this question will have to come from functional analysis after the identity of 
the MAPK is determined. 

4.6.2.3.2 Arabidopsis MKK7 in polar auxin transport. Polar auxin transport 
(PAT) is critical to the auxin function. Recently, MKK7 was found to play a 
role in PAT. In a T-DNA insertional mutant screening, Dai et ah identified a 
bushy and dwarfl (budl) mutant (Dai et ah, 2003). Molecular genetic anal- 
ysis indicated that the budl phenotype is a result of increased expression of 
MKK7 (Dai et ah, 2006). Compared with the wild type, the budl plants develop 
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significantly fewer lateral roots, simpler venation patterns, and a quicker 
and greater curvature in the gravitropism assay. In addition, the budl plants 
have shorter hypocotyls at high temperature (29°C) under light. These phe- 
notypes are consistent with a defective auxin action in the budl mutant 
at the levels of auxin synthesis, transport, or signaling. Direct IAA trans- 
port assays showed that the increased expression of MKK7 in budl or 
the repressed expression in MKK7 antisense transgenic plants causes de- 
ficiency or enhancement in auxin transport, indicating that MKK7 nega- 
tively regulates PAT. Further double-mutant analysis of budl/axr3 indicates 
that reduced PAT can be partially compensated by elevated auxin sensi- 
tivity in the auxin-hypersensitive mutant axr3. In contrast, a double mu- 
tant of budl and doc-1, an auxin transport mutant, exacerbates the PAT 
defect, reinforcing the idea that budl is a negative regulator of PAT (Dai 
et ah, 2006). 

Surprisingly, in the initial report of budl mutant from the same group, it is 
concluded that the budl phenotype is a result of an altered auxin metabolism 
because the auxin sensitivity and transport assay indicates that these two 
processes are normal in budl (Dai et ah, 2003). 

4.6.2.4 MAPKs in ABA signaling 

ABA mediates plant responses to environmental stress, particularly to water 
status. In addition, it plays important roles in seed dormancy and germination 
(Finkelstein and Rock, 2002). ABA treatment activates an MBP kinase in Pisum 
sativum epidermal peels, which correlates with stomatal responses to ABA 
(Burnett et ah, 2000). This unidentified kinase has the characteristics of an 
M APK. It requires Tyr phosphorylation for activity and is Tyr phosphorylated 
on activation. Inhibition of its activation by PD98059, a specific inhibitor of 
MAPKK, and thus MAPK activation, correlated with PD98059 inhibition of 
ABA-induced stomatal closure and dehydrin gene expression, suggesting 
that this MAPK is involved in the ABA signaling in pea epidermal peels. The 
identification of this MAPK activity will allow the functional analysis of its 
role in ABA signaling in future. 

MAPK was also implicated in the ABA-induced antioxidant defense in 
maize leaves (Zhang et al., 2006). Treatments with ABA or H2O2 induced 
the activation of a 46-kDa MAPK, which correlates with the induction of 
antioxidant gene expression and the total activities of the antioxidant en- 
zymes. Pretreatment with MAPKK inhibitors and ROS inhibitors or scav- 
engers abolished the gene activation. Pretreatment with MAPKK inhibitors 
also inhibited the ABA-induced H2O2 production. These results suggest that 
the activation of this MAPK is involved in the ABA-induced antioxidant 
defense. It was hypothesized that ABA-induced H2O2 production activates 
MAPK, which in turn induces the expression and the activities of antioxidant 
enzymes. 

During seed germination, the embryo emerges from dormancy as the 
ABA concentration declines. Exposure to exogenous ABA can reverse the 
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germination process. Arabidopsis MPK3 was found to be an important compo- 
nent in signaling this process (Lu et ah, 2002). Transgenic plants overexpress- 
ing MPK3 are hypersensitive to ABA, whereas inhibition of MAPK signaling 
decreases the sensitivity to postgermination growth arrest by ABA. 



4.6.3 MAPK cascades in plant growth and development 

Normal plant growth and development requires coordinated activities of dif- 
ferent cells /tissues /organs, illustrating the importance of cell-cell commu- 
nication. In eukaryotes, cell-cell communication often involves cell-surface 
receptors that are coupled to signaling molecules such as GTPases and 
protein kinases, which ultimately influence gene expression programs and 
growth/ development. Plant MAPK cascades play important roles in regu- 
lating cytokinesis, cell differentiation, and reproduction. Functions of plant 
MAPK cascades in signaling growth and development are summarized in 
Fig. 4.3. 

4.6.3.1 Role of NPK1-NQK1-NRK1 MAPK cascade in cytokinesis 

Plant cytokinesis is unique with the involvement of new cell-plate formation. 
New cell plate is generated from the phragmoplast, a membranous structure 
located between two daughter nuclei that contains a network of microtubules 
and proteins related to vesicle trafficking. The Golgi-originated vesicles pe- 
ripherally fuse to the cell plate and eventually reach the parental plasma mem- 
brane and cytokinesis is accomplished (Jurgens, 2005). A complete MAPK 
cascade, NPK1-NQK1-NRK1, as well as its direct downstream MAPK sub- 
strate MAP65-1 and upstream regulator NACK1 /NACK2 have been shown 
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Figure 4.3 Plant MAPK cascades in signaling plant growth and development. A typical 
linear signaling pathway from the sensing of a stimulus to the cellular response is 
depicted in the shaded area on the left. 
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to play essential roles in this process. For more detailed discussions relating 
to this topic, see Chapter 12 

4.6.3.2 MAPK in plant embryogenesis 

Embryogenesis begins with the elongation and then first cell division of the 
zygote. This first cell division in plants is asymmetric, which results in a 
small apical cell with embryonic fate and a larger basal cell with mostly ex- 
traembryonic fate. The apical cell undergoes two rounds of longitudinal di- 
visions followed by one round of transverse division and differentiates into 
the proembryo. In contrast, the basal cell undergoes a series of transverse 
divisions and gives rise to a file of cells that form the suspensor (Berleth and 
Chatfield, 2002). The first report implicating an MAPK cascade in Arabidopsis 
embryogenesis is the identification of YODA, an MAPKKK (Lukowitz et ah, 
2004). In yda loss-of -function mutants, the zygote fails to elongate and the 
cells of the basal lineage are eventually incorporated into the embryo instead 
of differentiating to the extraembryonic suspensor. In the gain-of-function 
transgenic plants that express a constitutively active YODA mutant with N- 
terminal deletion (AN- YDA), apical cell identity is suppressed, which causes 
exaggerated growth of the suspensor. As a result, it is concluded that YODA 
functions as a molecular switch to promote the extraembryonic fate of the 
basal cell. The phenotypes of both the loss-of-function yda and the gain-of- 
function AN- YDA are likely a result of the disruption of normal asymmetric 
cell division. As discussed later, YODA is also involved in asymmetric cell 
division during stomatal development. 

MPK3 and MPK6 are likely to function as a pair of redundant MAPKs down- 
stream of YODA based on a similar mutant phenotype. MPK3 and MPK6 play 
overlapping functions in signaling plant stress/ defense responses, which are 
the focus of a number of studies. In an attempt to generate double mpk3 and 
mpk6 mutant for loss-of-function analysis, we found that the mpk3/mpk6 mu- 
tant is embryo lethal. Microscopic examination revealed abnormality at a very 
early stage after the first cell division of zygotes. Instead of an asymmetric 
cell division to form an apical cell and a basal cell, the products of the first 
cell division of mpk3/mpk6 zygotes were about equal size, which developed 
into a group of disorganized cells, leading to aborted seeds (Wang et ah, 2007). 
Additional biochemical and / or genetic analyses are needed to formerly es- 
tablish the link between YODA and MPK3/MPK6. The potential MAPKK(s) 
in the MAPK cascade remains to be identified. 

4.6.3.3 YDA-MKK4/MKK5-MPK3/MPK6 in stomatal 
development and patterning 

YODA also functions in stomatal development and patterning (Bergmann 
et ah, 2004) . Stomata are specialized epidermal structures formed by two guard 
cells surrounding a pore, through which plants absorb CO2 from and release 
O2 to their environment. Asymmetric cell divisions precede stomatal cell fate 
specification in Arabidopsis. Perturbation of the frequency of asymmetric cell 
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division, the orientation of the asymmetric division plane, and the polarity 
of the progenies of the asymmetric division ultimately disrupt stomatal de- 
velopment and patterning (Nadeau and Sack, 2002). In Arabidopsis, stomatal 
patterning follows the one-cell spacing rule; i.e., no two stomata are directly 
adjacent to each other and there is at least one pavement cell in between. In the 
yda mutant, disrupted asymmetric division of stomatal precursor cells results 
in the clustering of stomata. In contrast, stomatal development is suppressed 
in the gain-of-function AN-YDA transgenic plants (Bergmann et al., 2004). 

In Arabidopsis, several stomatal patterning mutants in the signaling path- 
way^) have been characterized. Mutations in genes encoding TOO MANY 
MOUTHs (TMM, a leucine-rich repeat receptor protein), STOMATA DEN- 
SITY AND DISTRIBUTION 1 (SDD1, a subtilisin-like serine protease), and 
ER/ERL1 /ERL2 (ERECTA and ERECTA-like, leucine-rich repeat receptor ki- 
nases) disrupt stomatal patterning and result in clustered stomata (Nadeau 
and Sack, 2002; Shpak et ah, 2005). It is proposed that unknown ligands pro- 
cessed by SDD1 bind to the TMM/ERs receptors in the target cells, which 
triggers the activation of YODA MAPK cascade and inhibits the develop- 
ment of stomata. 

In our attempt to generate double mutant of mpk3 and mpk6 for func- 
tional analysis, we found that these two stress-responsive MAPKs are also 
involved in regulating stomatal development and patterning (Wang et ah, 
2007). Double mutant of mpk3/mpk6 is embryo lethal. To conditionally rescue 
the embryo-lethal double mutant, we transformed a DEX-inducible promoter 
MPK6 (GVG-MPK6) into mpfc3 _/_ /mpk6 + '- plants. Homozygous GVG-MPK6 
plants with mpk3~l~~ /mpk6 + /~ genotype were sprayed with DEX during the 
flowering stage. In the next generation, about a quarter of the progeny were 
double mutants. The growth and development of the double mutant are ar- 
rested at the seedling stage. Microscopy revealed that the epidermis of the 
rescued mpk3/mpk6 seedlings has clustered stomata. We further establish that 
MKK4/MKK5 are upstream of MPK3/MPK6 with YDA as the MAPKKK in 
the cascade. The establishment of a complete MAPK signaling cascade as a key 
regulator of stomatal development and patterning advances our understand- 
ing of the intercellular signaling events that control stomatal development 
(Bergmann et ah, 2004; Wang et at, 2007). 

4.6.3.4 MAPKKKs in Arabidopsis pollen development 

Using reverse genetic analysis, the Krysan laboratory identified a pair 
of closely related MAPKKKs, MAP3Kel and MAP3Ke2, that function in 
Arabidopsis pollen development (Chaiwongsar et ah, 2006). Single-mutant 
plants have no apparent phenotype, whereas the double-mutant combina- 
tion caused pollen lethality. In contrast, transmission of the double-mutant 
combination through the female gametophyte was not affected. Tetrad anal- 
ysis performed using the Arabidopsis quartet mutation demonstrated that 
the pollen grains with map3kel~ / map3ke2~ genotype are lethal. Transmis- 
sion electron microscopy revealed that double-mutant pollen grains develop 
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plasma membrane irregularities following pollen mitosis I. Analysis of the 
subcellular localization of a yellow fluorescent protein (YFP)-MAP3Kel fu- 
sion protein using confocal microscopy and biochemical fractionation indi- 
cated that MAP3Kel protein is predominantly localized to the plasma mem- 
brane. Based on these results, it is concluded that MAP3Kel and MAP3Ke2 are 
required for the normal functioning of the plasma membrane in developing 
Arabidopsis pollen. 

4.7 Signaling specificity of plant MAPK cascades 

Although plant MAPKs are implicated in a variety of biological functions, 
from cell division, growth, and development to response to endogenous sig- 
nals (e.g., plant hormones) and exogenous stimuli (e.g., biotic and abiotic 
stresses), the underlying molecular mechanisms are largely unknown. As 
discussed above, components in different MAPK cascades / pathways are fre- 
quently shared. How specificity is maintained when distinct functional path- 
ways share common components is a central issue in cell biology that is highly 
relevant to our understanding of intracellular signaling. 

In yeast and animal systems, several different mechanisms that can pro- 
gram distinct outcomes have been reported, including (1) different or- 
gan / tissue/ cell types expressing distinct receptors and / or MAPK substrates, 
(2) quantitative differences in signaling strength or kinetics resulting in dis- 
tinct outcomes, (3) different combinations of signaling pathways being acti- 
vated by specific ligand-receptor pairs, (4) spatial restriction of signaling by 
pathway-specific scaffold proteins or formation of complexes, and (5) cross- 
pathway suppression of downstream components (Widmann et ah, 1999; 
Chang and Karin, 2001; Vaudry et ah, 2002; Schwartz and Madhani, 2004; 
Kolch, 2005; Remenyi et ah, 2005; Dard and Peter, 2006; Mor and Philips, 
2006). However, little is known about how specificity is conferred in plant 
MAPK signaling pathways. 

Spatiotemporal separation of the pathways via developmental-stage- 
dependent and / or tissue-specific expression is a common approach to achieve 
signaling specificity. Based on promoter-reporter fusion transgenics, most 
components in MAPK cascades including MPK3, MPK6, MPK4, MKK4, 
MKK5, and YD A are universally expressed with certain cells/ tissues having 
higher levels of expression (D. Ren, H. Wang and S. Zhang, unpublished data) 
(Petersen et ah, 2000; Bergmann et ah, 2004). However, the expression of sen- 
sors/ receptors could be limited to certain cells. So do the MAPK substrates. 
Cell/ tissue-specific expression of the input molecules (receptors/sensors) 
and output molecules (substrates) can define a specific function of the 
MAPK cascade. As a result, to understand the signaling specificity of an 
MAPK cascade, it is essential to identify the receptor(s) /sensor (s) that ac- 
tivate the cascade in response to a stimulus and the in vivo substrate(s) of 
the MAPK. 
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Different substrates are likely to be involved in the diverse functions 
of MAPKs revealed by biochemical and genetic analyses. Recently several 
MAPK substrates were reported, including ACS, MAP65, and MKS1 (Liu 
and Zhang, 2004; Andreasson et al, 2005; Sasabe et al, 2006). Additional 
proteins including tobacco NtWIP, NtWRKYl, and NbPPS3 were identified 
as potential MAPK substrates (Katou et al, 2005b; Menke et al, 2005; Yap 
et al, 2005). It is predicted that each kinase has on average 20-40 in vivo 
substrates (Johnson and Hunter, 2005). A number of approaches including 
classical biochemical purification, yeast two-hybrid interaction screening, 
high-throughput protein array, and phosphoproteomics will lead to the iden- 
tification of new MAPK substrates. About 48 potential substrates for MPK3 
and MPK6 were recently identified, using a protein-array-based phosphoryla- 
tion assay (Feilner et al, 2005). Phosphoproteomic approach has the potential 
to identify new MAPK substrates as well (Peck, 2006). The identification of 
new MAPK substrates will reveal how MAPKs carry out their diverse func- 
tions in plants. 

Signaling specificity can be maintained by complex formation with or with- 
out the involvement of a scaffold protein (Schwartz and Madhani, 2004; Kolch, 
2005; Dard and Peter, 2006). Phosphorylation is most efficient when the en- 
zyme and substrate interact physically. Previously, we showed that NtMEK2 
interacts with SIPK and WIPK by co-immunoprecipitation (Jin et al, 2003). A 
number of other MAPK components were also shown to interact with each 
other (Ichimura et al, 1998; Mizoguchi et al, 1998; Teige et al, 2004). At this 
stage, there is no evidence indicating the involvement of plant scaffold pro- 
teins in MAPK signaling pathway yet. 

The kinetics of MAPK activation and substrate specificity will also affect the 
signaling output. For instance, SIPK/ WIPK activation can be either transient 
or long lasting depending on the stimuli. Long-lasting activation of these 
two MAPKs is associated with HR-like cell death in cultured cells treated 
with elicitin or plants infected with TMV (Zhang et al, 1998; Zhang and 
Klessig, 1998a,b). Pharmacological studies linked the long-lasting activation 
of SIPK with cell death in tobacco cells (Suzuki et al, 1999; Zhang et al, 2000). 
In the conditional gain-of-f unction NtMEK2 DD transgenic system, induction 
of NtMEK2 DD expression results in long-lasting activation of downstream 
SIPK /WIPK, resulting in HR-like cell death, which mimics the long-lasting 
activation of SIPK/ WIPK induced by pathogen infection (Yang et al, 2001; 
Jin et al, 2003). In mammalian cells, the kinetics of MAPK activation has 
been shown to influence the fate of cells under stress. Transient activation of 
SAPK/JNK and p38 induces various defense responses and allows the cells 
to adapt to adverse environments; in contrast, persistent activation of these 
two MAPKs leads to apoptosis (Widmann et al, 1999). 

Although MPK3/MPK6/MPK4 all phosphorylate MBP, an artificial sub- 
strate, it is likely that they have distinct substrates in vivo. Even when they all 
phosphorylate a common substrate, the specificity could still be maintained, 
depending on the kinetic properties of the reaction. An order difference in 
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K m and/ or V max will allow the phosphorylation of a specific substrate by the 
dominant kinase, allowing the signaling of a particular response. 

Although it has not been demonstrated in plants yet, cross-pathway sup- 
pression of downstream components could be another avenue to achieve 
signaling specificity. In yeast, eight proteins are shared between two MAPK 
cascades that signal two distinct developmental programs: (1) the mating 
pheromone response, and (2) the switch to filamentous growth. Pheromone 
signaling activates the mating pathway MAPK Fus3. However, due to the 
sharing of upstream kinases, a fraction of the filamentation pathway MAPK 
Kssl is also activated. The effects of cross talk are suppressed because Fus3 in- 
duces the phosphorylation and destruction of Ted, the transcription factor that 
is activated by the filamentation pathway. The reduced half-life of Tecl pre- 
vents pheromone-activated Kssl from inducing filamentation-specific tran- 
scription via Tecl (Bao et ah, 2004; Schwartz and Madhani, 2004). With the 
identification of additional MAPK substrates, we can begin to address the 
cross talk or cross suppression at this level. 

4.8 Conclusion remarks 

In the past decade, great progress has been made in our understanding of 
the biological functions of plant MAPK cascades. Seemingly conflicting re- 
sults were reported, which can be partially attributed to the complexity of 
MAPK signaling pathways/ networks. It is also possible that some of the 
phenotypes/ responses are secondary and /or nonspecific responses of the 
transgenic/ mutant plants. As a general comment, gain- and loss-of-function 
data have to be interpreted carefully because of the multifunctional nature of 
the MAPK cascades. In addition, stress signaling pathways are double-edged 
swords. Activation of an MAPK cascade that functions as a positive regulator 
will induce stress / defense response. Loss of function of such a positive regula- 
tor may also result in the activation of defense responses as a secondary effect 
because the plants may not be able to adapt, which causes general stress to 
the mutant plants. As a result, a conditional system, in which the long-term 
nonspecific effect can be avoided, will be the ideal system to elucidate the 
function of these pathways. The gap can also be filled by the identification of 
specific MAPK substrates. 

Searching for MAPK substrates is likely to become the focal point in the next 
phase of MAPK research. The specific function of an MAPK cascade needs 
to be eventually backed up by the identification of specific substrates, which 
will reveal the molecular mechanisms underlying a specific MAPK function. 
It is also critical for us to identify the specific receptors / sensors that func- 
tion upstream of an MAPK cascade and understand how the recognition of 
stimuli /ligands activates the MAPK cascade. After the identification of each 
individual component in the MAPK signaling networks, in vivo functional 
analyses will allow us to piece together the linear functional pathways and 
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eventually the signaling networks illustrating the roles of MAPK cascades in 
plant growth, development, and stress /defense responses. By superimpos- 
ing the spatiotemporal information of these components and their activities 
onto the networks, we will be able to understand how signaling specificity is 
maintained and the cross talk between different functional pathways. 
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Abstract: Calcium is recognized as a ubiquitous cellular regulator and changes 
in cytosolic Ca 2+ levels are known to be involved in plant processes as diverse as 
response to cold shock, hormone action, and touch signaling. The specificity of 
subsequent cellular response appears to be encoded, at least in part, in the tempo- 
ral and spatial dynamics of the Ca 2+ change and the spectrum of Ca 2+ -responsive 
proteins expressed in the cell. In this chapter we review the evidence for the infor- 
mational content of the Ca 2+ signal in plant cells and discuss our current knowledge 
of the channel and pump systems that shape these Ca 2+ changes. We will also use 
the Ca 2+ -dependent Nod-factor signaling system that underlies rhizobium:plant 
interactions to highlight our current understanding of how the Ca 2+ change may be 
transduced to the appropriate cellular response. In addition we use the example of 
Ca 2+ uptake from soil and its subsequent translocation through the plant to show 
how, in addition to its role in cell signaling, this ion can act as a long-range mes- 
senger, integrating the cellular activity of the stomatal guard cell with water and 
nutrient uptake activities in the root. The theme that emerges from these examples 
is that although Ca 2+ is involved in regulating a remarkably diverse array of plant 
processes, the more we understand about the systems that generate and respond 
to these Ca 2+ changes, the more we realize just how sophisticated the molecular 
networks that encode and decode them turn out to be. 

Keywords: ACA; calcium; CAS; CAX; ECA; guard cell; Nod factor; signal trans- 
duction 



5.1 Introduction 

Changes in cytosolic Ca 2+ have been linked to the regulation of diverse plant 
responses ranging from hormone perception to the direction of pollen tube 
growth. Indeed, Ca 2+ signals have been implicated in such a wide range 
of plant processes that the question has been raised as to whether such a 
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ubiquitous cellular regulator could actually encode any useful information 
for the plant. This has led to the proposition that Ca 2+ changes may simply act 
as an "on switch," nonspecifically activating the cell. In this scenario, the spe- 
cific information about the stimulus is carried by other cellular regulators and 
Ca 2+ merely acts to facilitate the response. However, recent work has begun 
to establish the molecular identity of the receptors that trigger Ca 2+ changes, 
the pumps and channels that effect the change and the Ca 2+ -dependent re- 
sponse systems that decode the alteration in Ca 2+ to a cellular response. This 
work suggests that there is indeed information conveyed in the spatial and 
temporal character of the Ca 2+ change in some systems, i.e., in the Ca 2+ "sig- 
nature" of the stimulus. Such information encoding would provide the cell 
with a complex Ca 2+ signaling network with which to integrate many stim- 
uli to appropriate cellular response. In this chapter, we will therefore outline 
some of the arguments for and against stimulus-specific Ca 2+ -dependent sig- 
naling. We will also describe some of the newest insights into the molecular 
machinery that may decode the changes in Ca 2+ and how these insights have 
come together to help us understand processes as diverse as how stomatal 
guard cells integrate transpiration and Ca 2+ uptake, to how symbiotic signal- 
ing aids in the establishment of the rhizobium: plant symbiosis. Such studies 
are revealing the elegance with which information can be conveyed to the cell 
through its perhaps most ubiquitous second messenger, the Ca 2+ ion. 

5.2 Ca 2+ as a second messenger in plants: of signatures 
and switches 

In animal cells it is well established that the spatial and temporal kinetics of 
changes in cytosolic Ca 2+ carry information that differentially controls cellu- 
lar response (lino, 2007). For example, in B lymphocytes the transcriptional 
regulators NFk-B and c-Jun N-terminal kinase (JNK) are selectively activated 
by a large transient increase in Ca 2+ , whereas, in the same cells, upregulation 
of the NFAT transcription factor requires a sustained, low-level increase in 
the same ion (Dolmetsch et ah, 1997). Similarly, oscillations in Ca 2+ have been 
shown to decrease the threshold for such transcriptional activation providing 
a further functional role for such Ca 2+ "spiking" (Dolmetsch et ah, 1998). In 
addition, the locale of ion influx into the cell can also be critical for the Ca 2+ - 
dependent triggering of only a specific subset of transcription factors from 
the range of Ca 2+ -sensitive transcriptional machinery in the cell (West et ah, 
2001; Kornhauser et ah, 2002). In plants, the precise role for stimulus-specific 
Ca 2+ signatures is less clear, in large part due to a lack of equivalent in-depth 
analysis to that conducted on animal systems. While it is well established that 
Ca 2+ is acting as a key regulator of plant cell function, several observations 
argue that this ion may play the role of a generic facilitator for cell function, 
with the specificity of response being encoded in parallel by some other sig- 
naling molecule (Scrase-Field and Knight, 2003; Plieth, 2005). For example, 
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plants show a suite of transcriptional changes to cold stress, a stimulus which 
also triggers a Ca 2+ transient thought to be part of the cold signaling system 
(e.g., Knight et ah, 1996). However, the response to cold stress is actually to 
the rate of chilling rather than the absolute temperature attained. As chilling 
rate falls, the size of the related Ca 2+ transient declines (Plieth et ah, 1999), 
yet the cold-induced transcriptional profile remains the same (Knight et ah, 
1996; Tahtiharju et ah, 1997). Thus, response does not appear tightly coupled 
to a precise pattern of the Ca 2+ change in this case. Similarly, Ca 2+ -dependent 
activation of several genes such as KIN1/2 and LTI78 occurs in response to 
both low temperature and osmotic stress despite these two stimuli show- 
ing very different Ca 2+ signatures (Knight et ah, 1997; Tahtiharju et ah, 1997; 
Boyce et ah, 2003). Such observations have been used to argue that Ca 2+ may 
be acting more like a switch where the precise signature of the change is 
not as important as the increase exceeding an activation threshold. The com- 
plex spatial and temporal kinetics seen in plant Ca 2+ changes would then 
likely reflect the inherent oscillatory character of the Ca 2+ regulatory net- 
work, with subtle mismatches in the response times and kinetics of channels 
and pumps causing oscillatory changes in Ca 2+ that do not inherently carry 
information but are just the noise in the biochemistry of the Ca 2+ homeostasis 
system. 

However, in perhaps the most intensively studied Ca 2+ -dependent sig- 
naling system in plants, the stomatal guard cell, data strongly support the 
animal paradigm that in addition to its role as a biochemical switch, Ca 2+ 
changes can carry information about the stimulus that elicited them. Thus, 
abscisic acid (ABA), external Ca 2+ (see below) and H2O2 all elicit Ca 2+ tran- 
sients in guard cells that have stimulus-specific signatures (McAinsh et ah, 
1990, 1992, 1995; Gilroy et ah, 1991; Pei et ah, 2000; Han et ah, 2003). Ap- 
plication of molecules such as inositol-l,4,5-trisphophate, cADP-ribose, and 
sphingosoine-l-phosphate that are thought to trigger Ca 2+ release from in- 
ternal stores in response to these stimuli are all also capable of eliciting Ca 2+ 
release and the subsequent biological response (stomatal closure) on their 
own, i.e., in the absence of the initial signal that is thought to lead to their 
production (Gilroy et ah, 1990; Leckie et ah, 1998; Ng et ah, 2001). Further, by 
clamping cytosolic Ca 2+ levels, Allen and colleagues (2001) were able to show 
that in Arabidopsis, short-term stomatal closure is triggered by elevated Ca 2+ 
in a switch-like fashion, whereas long-term steady-state closure requires Ca 2+ 
oscillations within a defined range of frequency, duration, and amplitude. In 
the det3 and gcal mutants the ABA- and H 2 G"2-related Ca 2+ responses are dis- 
rupted and stomatal closure is inhibited, whereas artificially imposing Ca 2+ 
oscillations that mimic the naturally occurring ones elicits normal stomatal 
closure (Allen et ah, 2000, 2001). Thus, for guard cells, both the switch and 
the Ca 2+ signature hypothesis have strong experimental backing. Defining 
the role of Ca 2+ as switch versus subtle information carrier in other sys- 
tems must await an equivalent in-depth analysis, although as data accrue on 
Ca 2+ spiking phenomena in root hairs responding to rhizobial Nod factors, a 
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similar picture of likely information encoding is also beginning to emerge 
(see below). 

It is also important to remember that how stimuli are presented to the 
plant may well have profound effects on the ensuing Ca 2+ signaling. Thus, 
modeling and empirical verification in animal cells has shown that when 
stimuli are given as periodic changes that more closely mimic how the signal 
would normally be seen by the cell in nature, they elicit more robust Ca 2+ 
oscillations than when applied continuously, as occurs in many experimental 
protocols (Prank et al, 2005). It may well be that experimental design and the 
influence of the experimental environment can alter or obscure the fine detail 
of Ca 2+ changes that are of importance to the cell, a theme we will expand 
upon later in this chapter. 

In tip-growing cells it is clear that the spatial and temporal changes in Ca 2+ 
are critical for encoding response, i.e., localizing growth. Thus in root hairs, 
pollen tubes, algal rhizoids, and even fungal hyphae, a tip-focused Ca 2+ gra- 
dient has been characterized that is critical for the restriction of growth to the 
apex of the elongating cell (reviewed in Bibikova and Gilroy, 2000). The Ca 2+ 
gradient is localized to the apical 5-10 |xm of these cells where it is thought 
to promote the targeted secretion of new wall materials and insertion of new 
membrane required to support tip growth. In addition to facilitating mem- 
brane fusion, the elevated Ca 2+ is thought to integrate the activity of a host of 
proteins that maintain the secretory activity at the tip including modulators of 
cytoskeletal dynamics such as ADF and villin, the annexins, Ca 2+ -dependent 
protein kinases, and phospholipid modulating enzymes (reviewed in Malho 
et al., 2006). In pollen tubes, the gradient has been characterized as show- 
ing complex oscillatory behavior that correlates with the periodic nature of 
growth, although in this case the maximum of the Ca 2+ gradient actually lags 
maximal growth by a few seconds (Holdaway-Clarke et al., 1997; Messerli 
et al., 1999). This observation has led to the suggestion that stretch-activated 
channels at the apex of the tube may be responsible for generating the Ca 2+ 
influx that generates the gradient (Dutta and Robinson, 2004). However, the 
system regulating this influx appears more complex than a simple mechan- 
ical feedback oscillator regulating channel activity as there is evidence for 
roles of many other factors such as the rop family of monomeric G-proteins 
(Li et al., 1999), rop interacting proteins (the RICs; Gu et al., 2005), and reac- 
tive oxygen species generated through the NADPH oxidase system (Foreman 
et al., 2003) in regulating the gradient formation. Importantly, the tip-focused 
gradient appears functionally important for driving growth. Thus, its dissi- 
pation through manipulations such as application of Ca 2+ channel blockers 
or Ca 2+ buffers leads to immediate growth arrest (e.g., Speksnijder et al 1989; 
Taylor et al 1996; Wymer et al 1997; De-Rejuiter et al 1998), whereas experi- 
mentally redirecting the gradient changes the growth direction to the site of 
the new gradient (Malho and Trewavas, 1996; Bibikova et al., 1997). Thus, it 
seems clear for these tip-growing cells that the cytosolic Ca 2+ gradient carries 
important information as to the direction of growth. 
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5.3 Ca 2+ channels and pumps 

Having established that signaling -related changes in Ca 2+ do regulate plant 
cell activities, whether acting as a switch or carrying significant stimulus- 
related information for the cell, the next obvious question is how do stimuli 
trigger these Ca 2+ changes in the first place. In recent years, there have been 
key advances in our understanding of how this is brought about by the major 
players in this signal generation system, the Ca 2+ permeable channels. 

Electrophysiology has identified a large range of conductances (putative 
channels) that are permeable to Ca 2+ in the plasma membrane, endoplasmic 
reticulum, and the chloroplast, vacuolar and nuclear membranes of plant cells 
(reviewed in White, 2000) . In addition, using correlation of expression pattern, 
empirically determined electrophysiological profiles and sequence homolo- 
gies to known Ca 2+ conductances from other kingdoms, a series of candidate 
plant Ca 2+ channels have been deduced such as the annexin gene family 
(putative hyperpolarization-activated Ca 2+ channel) and AtSKOR (putative 
depolarization-activated outward-rectifying Ca 2+ -permeable channel; White 
et ah, 2002). Even so, we still have remarkably few channels that have been de- 
fined at the molecular level as supporting signaling -related changes in Ca 2+ 
flux. This remains in large part due to difficulties in heterologously express- 
ing putative Ca 2+ channels to robustly assign function. However, plants with 
mutations in the CNGC (cyclic nucleotide-gated channels) show loss of Ca 2+ 
conductances (Ali et ah, 2007) and these genes appear to encode Ca 2+ chan- 
nels when assayed via expression in yeast (Ali et ah, 2006). Also in the case 
of the GLR plant glutamate receptor / channel homologs, knockout mutants 
have a loss of the corresponding cytosolic Ca 2+ signal elicited in response to 
glutamate (Qi et ah, 2006). Thus the CNGCs and GLRs are extremely strong 
candidates for plasma membrane localized stimulus responsive Ca 2+ influx 
channels. Although the putative channel LCT1 has been expressed in yeast 
and determined to conduct Ca 2+ (Clemens et ah, 1998), its subcellular locale 
in the plant and potential role in Ca 2+ signaling /transport systems remains 
to be uncovered. 

At the vacuole, two Ca 2+ release channels have been defined through elec- 
trophysiology (VVCa, vacuolar voltage-gated Ca 2+ channel and SV, the slow 
vacuolar channel), although both these activities may actually reflect charac- 
terization of the same SV channel (Pottosin and Schonknecht, 2007). Using 
a combination of proteomics (Carter et ah, 2004; Szponarski et ah, 2005) and 
analysis of knockout mutants (Peiter et al, 2005), the SV channel has been 
defined as the product of AtTPCl in Arabidopsis. Reports visualizing TPC1 
localization at the plasma membrane most likely reflect miss-targeting of 
the GFP-tagged protein as this does appear to be a vacuolar channel. The 
SV channel is known to show Ca 2+ activation suggesting that it could act 
as a Ca 2+ -induced Ca 2+ release channel (CICR channel) that would amplify 
a small initial cytosolic Ca 2+ signal via triggering release from the vacuole. 
Inositol-l,4,5-trisphosphate- and cyclic ADP-ribose-gated Ca 2+ conductances 
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have also been observed from the vacuole suggesting a role for vacuolar Ca 2+ 
release in these second messenger-mediated signaling systems. However, the 
lack of homologs of the respective animal channels in plant genomes has 
severely limited progress in identifying the genes for these putative plant 
ligand-gated vacuolar channels. 

Channel activity is clearly the key to generating Ca 2+ entry into the cell to 
trigger downstream response. However, removal and sequestration of the ele- 
vated Ca 2+ is equally critical to establishing the spatial and temporal character 
of the Ca 2+ signal, i.e., to the features that likely carry stimulus-specific in- 
formation. To this end, plant cells employ myriad Ca 2+ -transporting pumps, 
ranging from ATPases to cotransporters, that regulate the extent of the Ca 2+ 
change. Just as for the channels, our increasing appreciation for how these 
pumps operate and are regulated is beginning to reveal how cells can impose 
complex regulatory patterns on the Ca 2+ messenger. 

At the plasma and internal membranes P-type ATPases of the ACA and 
ECA classes (P2A, P2B and possibly P5 classes, Baxter et ah 2003) are in- 
volved in removing Ca 2+ from the cytosol. These Ca 2+ transporting ATPases 
form a large family with 3 P2A and 11 P2B members in the rice genome (4 
and 10 respectively in Arabidopsis). These pumps reside in many different 
membranes. For example, an ER location for AtECAl (P2A) and AtACA4 
(P2B) has been confirmed (Harper et ah, 1998; Hong et ah, 1999), whereas At- 
ACA4 and 11 (P2B) have been localized to the vacuole (Geisler et ah, 2000; 
Lee et ah, 2007) and AtACA8 (P2B) to the plasma membrane (Bonza et ah, 
2000). The P2B pumps are regulated by calmodulin and an N-terminal au- 
toinhibitory domain (Carafoli and Brini, 2000; Geisler et ah, 2000; Sze et ah, 
2000). In mammals, the P2A enzymes are regulated by the phospholamban 
peptides. However, it is unclear if the phospholamban regulatory system ex- 
ists in plants and the conserved phospholamban binding site is missing in the 
plant P2A proteins. 

The molecular identification of these transporters has allowed the testing of 
their functional significance through a combination of expression and mutant 
analysis. Thus, plants defective in AtECAl show hypersensitivity to Mn 2+ and 
grow poorly on low Ca 2+ media, suggesting a role in Ca 2+ homeostasis and 
heavy metal transport (Wu et ah, 2002). Similarly, mutants in AtACA9 have 
been shown to affect pollen tube function, suggesting a possible role in shap- 
ing the tip-focused Ca 2+ gradient that drives pollen tube growth as described 
above. At the vacuole, Ca 2+ uptake mediated by the high affinity P-type AT- 
Pases (Sze et ah, 2000) is supplemented by relatively low affinity but high ca- 
pacity H + /Ca 2+ cotransporters of the C AX family (Shigaki and Hirschi, 2006) . 
Manipulation of CAX expression leads to enhanced sensitivity to stresses 
such as altered ion levels in the growth media, an effect likely directly re- 
lated to the role of these transporters in Ca 2+ homeostasis (e.g., Shigaki et ah, 
2002). 

The combination of these diverse channel and pump systems coupled to 
less well characterized contributions from mitochondria and plastids and 
even the nucleus (Xiong et ah, 2006) provides the plant with the extremely 
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flexible system required to generate and shape Ca 2+ signals in response to 
the wide range of stimuli the plant must sense. Clearly such a complex sys- 
tem to encode information into the Ca 2+ change requires an equally sophisti- 
cated system to subsequently decode the information to specific downstream 
cellular responses. Recent work from both animal and plant systems is now 
revealing that the subcellular localization and Ca 2+ -dependent biochemical 
properties of many proteins may hardwire the cell to be able to respond to 
subtle changes in the dynamics of a Ca 2+ change with highly specific biochem- 
ical outputs. For example, approximately 1% of the proteins in the Arabidopsis 
genome contain the EF-hand Ca 2+ -binding motif (Day et al, 2002), and these 
proteins range from protein kinases and the NADPH oxidases responsible 
for ROS production, to a huge number of proteins of unknown function. It is 
impossible to cover all the Ca 2+ response systems that have been defined in 
plants and so in the next section we will describe some insights into the diver- 
sification of the plant Ca 2+ response system drawn from the huge number of 
calmodulin (CaM) and CaM-like proteins (CMLs) that may shed some light 
onto how Ca 2+ signals are processed. The readers are referred to Chapter 6 
for a thorough discussion of Ca 2+ sensing systems in plants. 



5.4 Decoding the Ca 2+ signal 

Calmodulin is perhaps the most ubiquitous Ca 2+ -responsive regulator in eu- 
karyotic cells. Binding of Ca 2+ induces a conformational change in the protein 
that then modulates the activity of other target proteins. Arabidopsis has 7 CaM 
genes (encoding 4 different protein isoforms) and 50 calmodulin-like (CML) 
genes. Ca 2+ -binding occurs in the EF-hand motifs within these proteins and 
the large divergence in these domains amongst these proteins suggests a wide 
range of sensitivities to Ca 2+ changes. Indeed, the CMLs show a large degree 
of differential expression at the levels of cell type, developmental stage and 
stimulus response (McCormack et al., 2005). This diversity in the CML pro- 
tein structure, Ca 2+ -binding site, and expression patterns suggests that the 
CMLs along with the CaMs may help decode responses to a wide range of 
cellular stimuli. For example, despite the very high sequence similarity be- 
tween the four Arabidopsis CaM isoforms, they interact with NAD kinase, 
cyclic nucleotide-gated ion channels, and a kinsein-like protein with differ- 
ent efficiencies (Liao et al, 1996; Reddy et al, 1999; Kohler and Neuhaus, 2000), 
implying differential regulatory capacities for each of these substrates. There 
are also a range of CMLs seen in other plants that have no clear homologs 
in Arabidopsis, with for example hexaploid wheat having at least 13 CaMs ar- 
ranged in four distinct subfamilies (Yang et al., 1996), reinforcing the idea that 
plants have invested heavily in CaM / CML diversity to expand the flexibility 
of the biochemical systems responding to Ca 2+ signals. 

CaM action has been implicated in an enormous range of plant responses, 
largely from inferences from the effects of CaM antagonists (Zielinski, 1998). 
However, there are many molecular studies confirming the central role of 
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these proteins. For example, overexpression of the soybean CaMs ScaM-4 
and ScaM-5 can trigger a stress response that is normally seen to be Ca 2+ 
dependent (Heo et ah, 1999). This observation implies either that these Ca 2+ - 
responsive elements are limiting for subsequent response, or that increasing 
their level has raised the Ca 2+ sensitivity of the system to respond to resting 
Ca 2+ levels. 

Microdomains of activated calmodulin have also been reported that do not 
simply reflect sites of elevated Ca 2+ levels (e.g., Torok et ah, 1998). In addition, 
the activity of CaM may be regulated by the proteins with which it interacts 
(Zielinski, 1998), suggesting that the cellular microenvironment is likely to 
alter CaM responsiveness to Ca 2+ . Coupling these effects to locally increased 
levels of CaM enhancing the activity of low affinity CaM response elements 
may allow the cell to fine-tune its Ca 2+ response system with high spatial 
resolution. 

In animal cells, CaM has also emerged as an important element in the chan- 
neling of responses dependent on the nature of the origin of the Ca 2+ change. 
Thus in neurons, Ca 2+ influx through L-type channels triggers phosphory- 
lation and activation of the CREB transcription factor. Ca 2+ entry through 
non-L-type channels causes a Ca 2+ increase of similar magnitude but fails to 
elicit the same signaling cascade leading to CREB activation (Dolmetsch et ah, 
2001; West et ah, 2001). The spatial restriction in signaling appears to arise from 
a CaM molecule bound via an "IQ" motif on the inner surface of the L-type 
channel pore. Specific activation of this CaM triggers the downstream events, 
effectively limiting signaling to the Ca 2+ flowing through these specific chan- 
nels. We must await similar in-depth analysis of plant response elements to 
see whether similar spatial control of information flow is operating in plant 
Ca 2+ -dependent signaling pathways. 

5.5 Ca 2+ and Nod-factor signaling: a role for kinases 
in decoding the Ca 2+ signal? 

Protein kinases present another ubiquitous Ca 2+ response component where 
we are beginning to understand how biochemistry can interpret the com- 
plexities of the Ca 2+ signal (Harper et ah, 2004). For example, in animal cells, 
CaM-activated kinases have been shown to be capable of decoding the fre- 
quency information in Ca 2+ spiking phenomena. Thus, CaM kinase II has 
been shown to be activated by specific frequencies of Ca 2+ spiking, with dif- 
ferent subunit isoforms showing different frequency responses (De Koninck 
and Schulman, 1998). In plants a similar mechanism may well be hinted at in 
the role of DMI3, a Ca 2+ - and calmodulin-dependent protein kinase (CCaMK) . 
This kinase appears essential in responding to the Ca 2+ spiking elicited by 
Nod-factor action during the establishment of the rhizobial nitrogen-fixing 
symbiosis as well as in mychoorrhizal interactions (Ane et ah, 2004; Levy et ah, 
2004; Mitra et ah, 2004a,b; Gleason et ah, 2006; Tirichine et ah, 2006). Indeed, 
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the Ca 2+ signaling system behind Nod-factor signaling serves as an excel- 
lent example of how we are beginning to place Ca 2+ changes within a firm 
molecular framework of signal generators and response components. 

Thus, Ca 2+ plays an essential role in the communication between legumes 
and nitrogen-fixing bacteria (rhizobia) in forming a symbiosis (nodule; Long, 
1996). This symbiotic relationship starts with interchanging signals. Legume 
plants secrete flavonoids from the root to the soil, which trigger soil-born rhi- 
zobia to produce host-specific lipochitooligosaccharides, Nod factors. Nod 
factors then evoke a series of signaling events in plant roots, leading to rhizo- 
bia infection and nodule development (Riely et al, 2004; Geurts et ah, 2005). 
The earliest detectable events in Nod-factor perception are depolarization of 
the plasma membrane potential, ion fluxes, and [Ca 2+ ] oscillations (spiking; 
Oldroyd and Downie, 2004). Through genetic analysis of legume mutants 
defective in the Nod-factor signaling pathway, several key components have 
been identified (Stacey et al, 2006), which include putative cell surface re- 
ceptors for Nod factor, putative ion channels possibly conducting K + and / or 
Ca 2+ ions, cytosolic Ca 2+ sensors, and transcription factors that decode [Ca 2+ ] 
changes. Although the exact biochemical mechanisms underlying the regu- 
lation and interaction of these components have not yet been elucidated, it 
seems that the Nod-factor signaling pathway represents the best molecularly 
defined Ca 2+ -mediated pathway in plants, in which an external signal is con- 
verted into cytosolic [Ca 2+ ] changes and transduced further to transcriptional 
regulation (Fig. 5.1; Riely et al, 2004; Geurts et al., 2005; Oldroyd and Downie, 
2006). 

Nod factor induces a transient depolarization of the plasma membrane 
electrical potential in root hairs within 1 min (Ehrhardt et al., 1992; Radutoiu 
et al., 2003). This depolarization results from Ca 2+ influx and CI" efflux across 
the plasma membrane. The Ca 2+ influx is required for the CI - efflux as well 
as the membrane depolarization (Felle et al., 1999). The plasma membrane 
potential is likely repolarized by an initial K + efflux and additional long- 
lasting ion fluxes which have not yet been well characterized (Felle et al., 
1996, 1998). 

Several methods have been used to detect Nod-factor-induced [Ca 2+ ] 
changes. The most widely used method is microinjection of the Ca 2+ -sensitive 
fluorescent dyes Oregon green-BAPTA (Ehrhardt et al., 1996; Wais et al., 2000; 
Shaw and Long, 2003; Miwa et al., 2006a) and Fura-2 (Cardenas et al., 1999; 
Gehring et al., 1997). Although direct loading of these dyes into plant cells is 
very difficult, acid loading of Indo-1 has been used to monitor Nod-factor- 
evoked [Ca 2+ ] changes (de Ruijter et al., 1998). Recently, the GFP-based Ca 2+ 
indicator, cameleon, has been employed to monitor [Ca 2+ ]i changes in vari- 
ous cell types in response to Nod factor (Miwa et al., 2006b). Consistent with 
Nod-factor-evoked membrane depolarization, the initial increase in [Ca 2+ ] is 
biphasic, with a rapid initial increase followed by a long-lasting decline of 
the [Ca 2+ ] level (Ehrhardt et al, 1996; Wais et al, 2000; Shaw and Long, 2003; 
Miwa et al, 2006a). Based on the pharmacological studies, the initial [Ca 2+ ] 
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Figure 5.1 Simplified model of Nod-factor signaling. The NFR1 and 5 receptor kinases 
bind to the Nod factor, eliciting phosphorylation of intracellular messengers such as 
phospholipases that then transduce the signal to the nucleus, with the involvement of the 
Castor/Pollux putative plastid anion channel. In a nucleoporin-dependent fashion, this 
relay would then trigger nuclear Ca 2+ release, activation of CCaMK and activation of 
transcription via the GRAS transcriptional regulators NSP1 and 2. Dashed lines represent 
activities yet to be defined. CaM, calmodulin; CCaMK, Ca 2+ and Calmodulin binding 
protein kinase; IP 3 , inositol-1,4,5-trisphosphate; PA, phosphatidic acid. 



increase may result from Ca 2+ influx across the plasma membrane, while the 
gradual [Ca 2+ ] decline likely is due to transport of Ca 2+ out of the cytosol 
via Ca 2+ exchangers or pumps. Further studies have confirmed that the Ca 2+ 
influx may begin at the cell periphery and move inward toward the nucleus 
(Shaw and Long, 2003). 

Following the initial rapid [Ca 2+ ] increase, oscillations in [Ca 2+ ], known 
as Ca 2+ spiking, occur 10 to 15 min after Nod-factor addition (Ehrhardt 
et al, 1996; Shaw and Long, 2003; Miwa et ah, 2006a). Repetitive Ca 2+ spikes 
originate in the nuclear area of the cell and propagate as a wave tip-ward 
(Shaw and Long, 2003), which is opposite to the initial Ca 2+ influx. Several 
lines of evidence suggest that the initial Ca 2+ increase and Ca 2+ spiking are 
not correlated. The concentrations of Nod factor required for Ca 2+ flux and 
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spiking differ greatly, i.e., the concentration required for Ca 2+ spiking is two 
to three orders of magnitude lower than that for Ca 2+ flux (Shaw and Long, 
2003). Ca 2+ spiking can be induced by Nod-factor-like molecules without the 
induction of a Ca 2+ flux (Walker et al, 2000; Shaw and Long, 2003). These ob- 
servations indicate that the ligand binding affinity and ligand specificity for 
the initial Ca 2+ increase and the subsequent Ca 2+ spiking differ significantly. 
For the initial Ca 2+ increase, the receptor for Nod factor is very selective, and 
its binding affinity is low. For Ca 2+ spiking, the Nod-factor receptor is less 
selective, and its apparent binding affinity is very high. 

Several key molecular components responsible for Nod-factor-induced 
[Ca 2+ ] changes have been identified by analyzing symbiosis-defective legume 
mutants (Riely et al, 2004; Stacey et al, 2006). Based on their effects on Nod- 
factor-induced [Ca 2+ ] changes, these mutants can be classified into three 
groups: mutants lacking both the rapid Ca 2+ flux and Ca 2+ spiking, mutants 
defective only in Ca 2+ spiking, and mutants that do not affect [Ca 2+ ] changes. 
Mutations in lysine motif (LysM)-receptor-like kinases (RLKs), which have 
been proposed to be receptors for Nod factor, are defective in both the Ca 2+ 
flux and Ca 2+ spiking. These RLKs include L. japonicus NFR1 and NFR5 (Mad- 
sen et al, 2003; Radutoiu et al, 2003) and M. truncatula LYK3/4 and NFP 
(Limpens et al., 2003; Arrighi et al., 2006). It has been widely assumed that 
these LysM RLKs are localized to the plasma membrane and perceive Nod 
factor in the extracellular space (Oldroyd and Downie, 2004). Nevertheless, 
the subcellular location of these RLKs and the nature of Nod-factor binding 
to the LysM motif remain to be determined. 

Mutations in putative ion channels with a conserved RCK domain, leucine 
rich repeat receptor-like kinases, and nucleoporins disrupt the Ca 2+ spiking 
but not the Ca 2+ flux. The putative ion channels include M. truncatula DMI1 
(Ane et al, 2004a) and L. japonicus CASTOR and POLLUX (Imaizumi-Anraku 
et al, 2005). CASTOR and POLLUX are shown to be localized to the plastid, 
while DMI1 targets to the nuclear envelope (Riely et al, 2007), possibly to 
the inner envelope. The nuclear envelope localization of DMI1 fits well with 
its proposed function for Ca 2+ spiking that originates in the vicinity of the 
nucleus. The LRR RLKs include DMI2 / SYMRK / NORK (Endre et al, 2002; 
Stracke et al, 2002). Several key issues remain to be resolved for these LRR 
RLK receptors, such as the subcellular localization, the nature of ligands and 
substrates, and their relationship with DMI1 ion channels. The nucleoporins 
include NUP133 (Kanamori et al, 2006) and NUP85 (Saito et al, 2007), and the 
subcellular localization of these putative nucleoporins has been determined 
to be in the nuclear envelope as expected. 

As noted above, the chimeric Ca 2+ calmodulin-dependent protein kinases 
(CCaMKs) have been proposed to be cytosolic Ca 2+ sensors that perceive 
[Ca 2+ ] changes resulting from Ca 2+ flux and Ca 2+ spiking (Levy et al, 2004; 
Mitra et al, 2004a,b). Consistent with a downstream role, mutations in these 
CCaMKs, DMI3 and SYM9, do not affect Nod-factor-evoked [Ca 2+ ] changes 
at all (Mitra et al, 2004a). CCaMKs have an autoinhibitory domain that 
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negatively regulates kinase activity (Patil et al., 1995; Harper and Harmon, 
2005). It has been shown that the specific removal of the autoinhibition do- 
main of DMI3 leads to the constitutive activation of the nodulation signaling 
pathway (Gleason et al., 2006; Tirichine et al., 2006). 

Recent evidence from the Nod-factor system has also revealed that plants 
can count the number of Ca 2+ transients and utilize this information as a 
threshold to eliciting response (Miwa et al., 2006b). In Medicago truncatula it 
was observed that Nod-factor induction of ENOD11 transcription was depen- 
dent on accumulating 36 Ca 2+ transients, irrespective of their frequency. Thus, 
in the case of nodulation evidence is accumulating for cellular mechanisms 
able to decode the information in the nuclear Ca 2+ spiking. 

It seems highly likely that with increases in [Ca 2+ ], Ca 2+ binds to CaM, 
which in turn interacts with DMI3, releases its autoinhibition, and switches the 
DMI3 kinase from an inactive state to an active state. Finally, DMI3 activates 
GRAS family transcription factors, NSP1 and NSP2 (Kalo et al, 2005; Smit 
et al., 2005), which mediate Nod-factor-induced transcriptional responses. 
Therefore, the Nod-factor signaling cascade would be as follows: cell surface 
LysM RLK receptor for Nod factor LYK3/4 LRR receptor DMI2 ->■ putative 
ion channel DMI1 cytosolic Ca 2+ sensor CCaMK DMI3 GRAS family 
transcription factor NSP1/2 — »• nodulation (Fig. 5.1). 

Although the major signaling framework for Nod factor is well established, 
the exact molecular mechanisms by which these key nodes are biochemically 
connected are still poorly understood (Fig. 5.1). To investigate the initial per- 
ception of Nod factor, the direct binding between Nod factor and the putative 
Nod-factor receptor LysM RLK should be analyzed, and the substrate of the 
receptor needs to be identified. Because the mutations in the receptors nfrl, 
nfr5, and nfp disrupt both Ca 2+ flux and Ca 2+ spiking and because no mutants 
have been isolated that are compromised in Ca 2+ flux but not in spiking, it is 
likely that Ca 2+ flux and Ca 2+ spiking are also closely related. It is possible 
that Ca 2+ flux could lead to Ca 2+ spiking despite the fact that Ca 2+ flux is 
not a prerequisite for Ca 2+ spiking, as Ca 2+ spiking can be induced indepen- 
dently of Ca 2+ flux. Given that DMI1 ion channels are localized to the nuclear 
envelope, an additional Ca 2+ -permeable channel in the plasma membrane is 
required for the rapid Ca 2+ influx in response to Nod factor. Moreover, iden- 
tification of the ligands for LRR RLKs, such as DMI2, would greatly improve 
our understanding of the interaction between Ca 2+ flux and Ca 2+ spiking. 

With respect to the missing link in the Nod-factor signaling pathway, per- 
ception of Nod factor occurs at the plasma membrane, while the Ca 2+ spik- 
ing is associated with the nucleus (Oldroyd and Downie, 2006). Clearly, a 
secondary messenger is needed to transduce the Nod-factor signal from the 
plasma membrane to the nucleus to activate Ca 2+ -permeable channels that 
are located on the nuclear envelope, such as DMI1. Pharmacological studies 
have shown that Nod factor activates both phospholipase C and phospholi- 
pase D (den Hartog et al., 2001) and inhibitors of both these enzymes block 
Nod-factor signaling (Engstrom et al., 2002; Charron et al., 2004). It would be 
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interesting to test whether IP3 activates DMI1 and mobilizes the Ca 2+ stores 
within the nuclear envelope as seen in animal cells (Charron etal., 2004; Gomes 
et ah, 2006). It might be also possible to monitor IP3 changes in response to 
Nod factor using single-cell IP3 imaging (Hirose et al., 1999; Tang et al., 2007). 
Finally, to understand the machinery responsible for Ca 2+ spiking, the ion 
channel activity and ion selectivity of DMI1 need to be determined in vivo 
and in vitro. 

The signaling pathway for rhizobial interactions shows how our under- 
standing of plant Ca 2+ -dependent signaling networks at the cellular level is 
advancing rapidly with the advent of molecular identification of these Ca 2+ - 
responsive signaling components. However, cellular Ca 2+ signaling must be 
integrated into the response status of the plant as a whole, allowing cellular 
activities to be coordinated across tissues and organs. In the next section we 
will look at how Ca 2+ signaling can be entrained by features of whole-plant 
physiology such as Ca 2+ uptake and transport and by the environment the 
plant is experiencing. 

5.6 Ca 2+ uptake and transport 

Calcium is the most abundant divalent cation in higher plants and its es- 
sential nature as a plant nutrient has been recognized for over 100 years 
(Epstein, 1972; Kirkby and Pilbeam, 1984; Bush, 1995; Hepler, 2005). In roots, 
Ca 2+ moves rapidly through the cortical extracellular space (apoplast) by dif- 
fusion and together with water enters the xylem in the root apical region 
(Clarkson, 1984; Hepler, 2005). In the xylem, Ca 2+ is transported by mass 
flow and chromatographic movement along the Ca 2+ -exchange sites in the 
cell wall (Clarkson, 1984). The xylem branches as it ascends the stem and per- 
meates leaves and organs, and the growing tissues provide a "sink" for Ca 2+ 
in the xylem. Thus, Ca 2+ is transported from roots to shoots mainly through 
the apoplastic xylem. In contrast, the symplast is not an effective pathway 
for Ca 2+ uptake and transport because the cytosolic free Ca 2+ concentration 
is extremely low compared to extracellular free Ca 2+ concentration (Sanders 
et al, 2002; White and Broadley, 2003). 

In plant tissues, a high proportion of the total Ca 2+ is often located in the 
cell wall and at the exterior surface of the plasma membrane (Clarkson, 1984; 
Hepler, 2005). Thus, together with boron, Ca 2+ is termed as an apoplastic ele- 
ment among 16 essential elements. In the cell wall, Ca 2+ ions bind to pectins, 
which are polymers of galacturonic acid molecules and are very hydrophilic 
and soluble. Ca 2+ then forms salt bridges with pectins to become pectic gels 
that are insoluble. The pectic gels occur primarily in a specialized region in 
the wall, called the middle lamella, which is shared by neighboring cells and 
cements them firmly together. Pectic gels are also found in the primary cell 
wall. Precise information on the concentration range of free extracellular Ca 2+ 
is lacking (Sattelmacher, 2001), and data taken from the literature vary from 
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10 |xM to 1000 |xM (Sattelmacher, 2001; Roelfsema and Hedrich, 2002). Apart 
from apoplastic Ca 2+ stores, Ca 2+ ions are also stored in the vacuole, en- 
doplasmic reticulum (ER), mitochondria, and possibly Golgi apparatus (Sze 
et ah, 2000; White and Broadley, 2003). The concentrations of free Ca 2+ in the 
vacuole and ER are in the mM range. 

The distribution of Ca 2+ in the plant is affected by the rate of water trans- 
portation and evaporation (Clarkson, 1984; White and Broadley, 2003; Hepler, 
2005). Calcium moves in relatively large amounts to highly transpiring old 
leaves, but much less to weakly transpiring young leaves. Overall, the Ca 2+ 
content is higher in old leaves than in young leaves. In addition, Ca 2+ can- 
not be remobilized from old leaves, i.e., Ca 2+ is an immobile element. Conse- 
quently, Ca 2+ deficiency symptoms often occur in the young and fast growing 
tissues. From the standpoint of Ca 2+ supply, plants must downregulate tran- 
spiration when the Ca 2+ unloading rate is high, and vice versa. To do so, plants 
need a system monitoring apoplastic Ca 2+ as well as transpiration-facilitated 
Ca 2+ unloading. 

5.7 Sensing extracellular Ca 2+ 

Over 95% of transpirational water loss occurs from stomatal pores formed 
by pairs of guard cells on the leaf surface (Assmann, 1993; Schroeder 
et al., 2001; Hetherington and Woodward, 2003). It has long been known 
that Ca 2+ induces stomatal closure in vitro (MacRobbie, 1992). Extracellular 
Ca 2+ -induced stomatal closure may represent a major mechanism by which 
plants regulate Ca 2+ uptake and distribution. In stomatal guard cells, extra- 
cellular Ca 2+ induces cytosolic [Ca 2+ ] increases and oscillations that mediate 
stomatal closure (McAinsh et al., 1995a). It has been shown that these ex- 
tracellular Ca 2+ -induced, cytosolic [Ca 2+ ] increases are due to an influx of 
Ca 2+ through Ca 2+ channels (MacRobbie, 1992; McAinsh et al, 1995a). In- 
terestingly, through molecular identification of an extracellular Ca 2+ -sensing 
receptor (CAS) from Arabidopsis, recent studies have shown that extracellular 
Ca 2+ actually induces Ca 2+ release from internal stores (Han et al., 2003a). 

CAS was isolated from a screen of an Arabidopsis cDNA library in mam- 
malian cells using a Ca 2+ imaging-based assay (Han et al., 2003a). CAS lo- 
calizes to the plasma membrane, exhibits low-affinity /high-capacity Ca 2+ - 
binding, and mediates the extracellular Ca 2+ -induced intracellular [Ca 2+ ] in- 
crease in stomatal guard cells. Suppression of CAS activity disrupts these 
[Ca 2+ ] increases as well as extracellular Ca 2+ -induced stomatal closing. CAS 
is unique to plants and may represent the only plant cell surface receptor 
cloned so far that has been demonstrated to convert an external signal into 
[Ca 2+ ] changes (Hetherington and Brownlee, 2004b; Reddy and Reddy, 2004). 

Furthermore, it has been proposed that CAS is a cell surface receptor in 
the IP3 signaling pathway, which mediates Ca 2+ release from internal stores 
via a similar mechanism to that seen in animals (Berridge et ah, 2003; Han 
et ah, 2003; Tang et ah, 2007). In animal cells, external signals are perceived by 
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cell surface receptors, which activate phospholipase C (PLC), increasing IP3 
concentration. IP3 activates IP3 receptors (IP3R) in the ER, resulting in Ca 2+ 
release. The Ca 2+ ions are reabsorbed by the ER, leading to [Ca 2+ ] oscillations 
(Berridge et al, 2003). In plants, while cell surface receptors and the IP3R are 
unknown (Meijer and Munnik, 2003), several lines of evidence suggest that 
CAS might serve as a receptor triggering Ca 2+ release (Tang et al., 2007). First, 
PLC inhibitors block extracellular Ca 2+ -induced intracellular[Ca 2+ ] increases 
in guard cells and mesophyll cells. Second, extracellular Ca 2+ induces IP3 gen- 
eration in the leaves and PLC inhibitors eliminate the IP3 production. Finally, 
both biochemical and single-cell imaging analyses of IP3 have shown that 
CAS is required for extracellular Ca 2+ -induced IP3 production. Nevertheless, 
it is not known how CAS activates PLC in vivo. 

5.8 Ca 2+ , light, and circadian [Ca 2+ ] oscillations 

The complex effects of the environment and status of the plant on Ca 2+ sig- 
naling are well demonstrated by the effects of the circadian clock on Ca 2+ 
responsiveness. Over 10 years ago, Johnson and colleagues (1995) reported 
that cytosolic [Ca 2+ ] displays circadian oscillations at the whole-plant level 
(Fig. 5.2a). The central issues remain, however, as to the origin as well as 
the physiological function of these circadian [Ca 2+ ] oscillations (Dodd et al, 
2005). It has been shown that the circadian [Ca 2+ ] oscillations occur in the 
cytoplasm but not in the nucleus, in contrast to Nod-factor-induced [Ca 2+ ]i 
spiking, and their phase varies between cell types (Wood et al, 2001). Although 
it is not clear how different cells generate a specific phase for [Ca 2+ ] oscilla- 
tions, overall the oscillations are controlled by photoperiod and light intensity 
(Love et al, 2004). 

A recent study has shown that diurnal (and possibly circadian) [Ca 2+ ] os- 
cillations are controlled by soil Ca 2+ levels and CAS activity (Fig. 5.2b; Tang 
et ah, 2007). Based on this study, the levels of soil Ca 2+ and stomatal con- 
ductance act together to govern the oscillating amplitude, phase, and period 
of extracellular free Ca 2+ concentration, which are then perceived by CAS 
and a yet to be identified Ca 2+ influx channel, such as the guard cell ICa 
(Pei et al, 2000a), and converted into [Ca 2+ ] oscillations. In other words, the 
oscillating amplitudes of extracellular [Ca 2+ ] and intracellular [Ca 2+ ] are con- 
trolled by soil Ca 2+ levels and transpiration rates (Figs. 5.2c-5.2d), while their 
phases and periods are likely determined by stomatal conductance oscilla- 
tions, which in turn are dictated by photoperiod and the central clock (Webb, 
2003). The extracellular [Ca 2+ ] is determined by two opposite processes: sup- 
plying fresh Ca 2+ to the apoplast primarily through transpiration and seques- 
trating it into both external and internal stores. For the sequestration, fresh 
Ca 2+ ions bind to newly synthesized cell wall components, such as pectic 
acids, form Ca 2+ oxalate, or move into internal stores (White and Broadley, 
2003; Franceschi and Nakata, 2005; Hepler, 2005). Because most sequestrated 
Ca 2+ ions become immobile, continuous Ca 2+ supplies are needed and are 
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Figure 5.2 Diurnal rhythms in cytosolic Ca 2+ and Ca 2+ response, (a) Diurnal rhythm in 
cytosolic Ca 2+ in the leaves of Nicotiama tabacum (Johnson et al., 1 995). (b) Changes in 
the extent of the Ca 2+ transient in guard cells induced by cold shock depends upon when 
in the diurnal cycle the stimulus is applied (Dodd et al., 2006). (c) Diurnal changes in 
cytosolic Ca 2+ are depressed in plants expressing antisense to CAS (Tang et al., 2007). 
(d) Diurnal changes in leaf extracellular Ca 2+ are mirrored by changes in stomatal 
conductance (Tang et al., 2007). All Ca 2+ measurements were made using plants 
transformed with the Ca 2+ -sensitive luminescent reporter aequorin. Black bars indicate 
darkness and white bars, periods of illumination. Data redrawn from Johnson et al. 
(1 998), Dodd et al. (2006) and Tang et al. (2007). 



likely to be the regulated step. Taken together, it seems that transpiration- 
mediated soil Ca 2+ uptake and transport might provide a robust regulatory 
machinery that synchronizes the resting intracellular [Ca 2+ ] throughout the 
plant in response to day and night changes. 

Based on this model, it would be interesting to test how the central clock 
regulates cytosolic [Ca 2+ ] oscillations, and whether manipulation of stomatal 
conductance oscillations affects these oscillations. For instance, CCA1/LHY 
and TOC1 are the well-characterized central oscillators, and the oscillating 
phase and period are altered in ccal/lhy and tocl mutants (Harmer et al., 2001). 
Monitoring stomatal conductance and [Ca 2+ ] oscillations simultaneously in 
these mutants could reveal their exact relationship. Similarly, analyzing stom- 
atal conductance, Ca 2+ uptake rate, and [Ca 2+ ] oscillations in the extreme mu- 
tants, spch and mute, in which stomatal developmental is completely blocked 
(MacAlister et al, 2007; Pillitteri et al, 2007), could provide insight into the 
contribution of transpiration to circadian [Ca 2+ ] oscillations. 

The exact function of these circadian [Ca 2+ ] oscillations remains to be de- 
termined (Dodd et al., 2005). Several studies have suggested that [Ca 2+ ] may 
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act directly as a second messenger for light, and indirectly in the form of cir- 
cadian [Ca 2+ ] oscillations as a key component in photoperiod signaling. Both 
red and blue light trigger cytosolic [Ca 2+ ] increases, and pharmacologically 
altering intracellular [Ca 2+ ] affects phytochrome-mediated gene expression 
(Shacklock et al, 1992; Neuhaus et al, 1993; Baum et al, 1999; Lin and Shalitin, 
2003). It has also been shown that Ca 2+ is involved in the photoperiod floral 
induction of Pharbitis nil (Friedman et al, 1989; Takeno, 1993; Szmidt-Jaworska 
et al., 2006). Pharmacological agents that increase intracellular [Ca 2+ ] promote 
flowering, while agents that reduce [Ca 2+ ] delay flowering. Finally, changes 
in [Ca 2+ ] can shift the phase of circadian rhythms of several physiological 
processes (Kreps and Kay, 1997). Thus, it appears that cytosolic [Ca 2+ ] oscil- 
lations are likely related to outputs of the endogenous clock and photoperiod 
(Johnson, 2001; Dodd et al., 2005), although their precise mechanisms are 
poorly understood. It is reasonable to presume that circadian [Ca 2+ ] oscil- 
lations may function in a subset of the processes that are controlled by the 
clock and photoperiod, including hypocotyl growth, cotyledon movements, 
leaf movements, stoma tal movements, and the floral transition (Webb, 2003). 
In addition, a recent study has shown that low temperature-induced [Ca 2+ ] 
transients are significantly higher during the mid-photoperiod than at the be- 
ginning or end (Dodd et al., 2006), which suggests that the clock may regulate 
cold perception and that the clock-associated cold perception may be medi- 
ated by Ca 2+ oscillations. Together, these studies point to the control of [Ca 2+ ] 
as an important mechanism by which light regulates many physiological and 
developmental responses in plants. 

5.9 Conclusions and perspectives 

Calcium represents a ubiquitous regulator of plant activities. The cytoplasmic 
level has been shown to change in response to myriad stimuli ranging from 
hormones to cold shock, and fungal pathogens to mechanical stress (Hether- 
ington and Brownlee, 2004a). In order to participate in signaling such varied 
stimuli it is likely that the spatial and temporal dynamics of the Ca 2+ signal 
combine with cell-type specific expression and subcellular patterning of the 
Ca 2+ -dependent components of the cell to yield the appropriate response. The 
7 CaMs, approximately 50 CaM-like proteins (McCormack et al., 2005), and 
the 43 calmodulin-like domain containing protein kinases (CDPKs) (Harper 
et al., 2004) in Arabidopsis also hint at the expansion of the Ca 2+ -responsive 
machinery in plants to support this diverse role in signaling. In contrast, hu- 
mans have three CaM genes that encode an identical protein and Saccaromyces 
cerevisae has but a single CaM gene. 

The sedentary lifestyle of plants has meant they have had to become 
exquisitely sensitive to the environment. Part of the sensing of the diverse 
range of environmental stimuli is likely encoded in Ca 2+ signaling but it 
is also important to recognize that these stimuli can also affect the Ca 2+ 
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signals themselves. For example, the environmental history of the plant has 
been shown to switch guard cell signaling between Ca 2+ -dependent and 
-independent pathways (Allan et ah, 1994), and as noted above the magni- 
tude of cold-induced Ca 2+ transients is highly dependent on the time of day 
(Dodd et al., 2006). The challenge for the future will undoubtedly be to place 
our increasingly detailed knowledge of the molecular machinery of Ca 2+ sig- 
naling in the context of these environmentally modulated signaling networks. 
Plasticity is a fundamental feature of plant development and it seems likely 
that it will appear at all levels from the ultimate growth response down to the 
Ca 2+ -dependent signaling networks participating in its regulation. 
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Abstract: Calcium (Ca 2+ ) is a ubiquitous second messenger in all eukaryotes. A 
challenging question is how the cation serves as a messenger for numerous signals 
and confers specificity to cellular responses. Recent studies have established a 
concept called "calcium signature" that specifies calcium changes triggered by 
each signal. Along with this concept comes the "decoding" of calcium signatures — 
how cells recognize and translate the signatures (codes) into the correct cellular 
responses. The initial step in the decoding process involves sensor proteins that 
bind calcium and change their conformation, leading to activation or inactivation 
of the downstream target molecules thereby regulating the specific biochemical 
and physiological processes. In this chapter, studies on the major groups of calcium 
sensors including calcium-dependent protein kinases (CDPKs), calmodulin (CaM), 
and calcineurin B-like proteins (CBLs) will be summarized and general paradigms 
and networks of calcium signaling processes will be discussed. I will particularly 
focus on the more recent studies that have advanced our understanding on calcium 
signal transduction in plants. 

Keywords: calcium; calcium sensors; calcineurin B-like proteins; protein kinase; 
signal transduction 



6.1 Introduction 

Despite the lack of a specific nervous system, plants are capable of perceiving 
external stimuli, processing the signals, calculating specific responses, and 
sometimes "remembering" the stimulus-response process. This process, of- 
ten referred to as "signal transduction" or "acclimation," is reminiscent of 
the "learning" process in animals. In between the signal (input) and response 
(output), there exists a complicated molecular network for processing the 
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information regardless of the specific organism in question. Within the molec- 
ular network for plant signaling, calcium serves as a critical component and 
plays a role in the signaling of many extracellular stimuli including light, bi- 
otic and abiotic stress factors, and developmental cues (Trewavas and Knight, 
1994; Bush, 1995; Braam et al, 1997; Felle and Hepler, 1997; Holdaway-Clarke 
et al, 1997; McAinsh et al, 1997; Wymer et al, 1997; Sanders et al, 1999; Rudd 
and Franklin-Tong, 2001). One important question in calcium signaling con- 
cerns the specificity of signal-response coupling as different signals elicit 
distinct and specific cellular responses. Recent studies in both animal and 
plant cells suggest that a Ca 2+ signal is presented not only by the concentra- 
tion of Ca 2+ but also by its spatial and temporal information (Franklin-Tong 
et al, 1996; Holdaway-Clarke et al, 1997; Dolmetsch et al, 1998; Li et al, 1998; 
Trewavas, 1999; Allen etal, 2001). Acombination of changes in all Ca 2+ param- 
eters produced by a particular signal is always different from those produced 
by any other signals and therefore referred to as a "Ca 2+ signature." If the 
specificity of the calcium signals is encoded by these signatures, a particu- 
lar plant cell must be equipped with the mechanisms for decoding various 
signatures leading to specific responses. Although the decoding process is 
not well understood, studies indicate that this process starts with the cal- 
cium sensors, often calcium-binding proteins, which bind calcium with high 
affinity and alter their own structural properties. Such structural changes re- 
sult in functional changes in the sensor proteins (with effector domains) or 
trigger interaction with the target proteins of the sensors (without effector 
domains). The sensors or their targets are often regulatory proteins that mod- 
ulate the function of others and elicit changes in cellular processes (Fig. 6.1, 
Color plate 7). 

Several families of Ca 2+ sensors have been identified in higher plants. Per- 
haps the best known is calmodulin (CaM) and CaM-related proteins, which 
typically contain four EF-hand domains for Ca 2+ binding (Zielinski, 1998; 
Snedden and Fromm, 2001; Luan et al, 2002). A more recent addition to Ca 2+ 
sensors from Arabidopsis is proteins similar to both the regulatory B-subunit of 
calcineurin and the neuronal Ca 2+ sensor in animals (Luan et al, 2002). These 
plant Ca 2+ sensors are referred to as calcineurin B-like proteins (CBLs) (Kudla 
et al, 1999). The third major class is exemplified by the Ca 2+ -dependent pro- 
tein kinases (CDPKs), which contain CaM-like Ca 2+ -binding domains and a 
kinase domain in a single protein (Roberts and Harmon, 1992; Harmon et al, 
2000). The CDPK proteins function both as Ca 2+ sensor and as effector of its 
Ca 2+ -sensing activity. 

CaM and CBL are small proteins that contain multiple Ca 2+ -binding do- 
mains but lack other effector domains like the kinase domain in CDPKs. To 
transmit the Ca 2+ signal, CaMs and CBLs interact with target proteins and reg- 
ulate their activity. CaM target proteins have been identified in higher plants 
and include protein kinases, metabolic enzymes, cytoskeleton-associated pro- 
teins, and others (Reddy et al, 1996, 2002; Snedden et al, 1996; Zielinski, 1998; 
Snedden and Fromm, 2001; Luan et al, 2002). A family of SNFl-like protein 
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kinases called CIPKs has been identified as targets for CBL proteins (Shi et ah, 
1999). The target proteins of these small Ca 2+ sensors then regulate activities 
that constitute cellular responses triggered by an external signal. The CDPKs 
bind calcium and regulate the kinase activity present in the same molecule, 
more tightly linking calcium sensing and effector activity. Both small (CaM- 
and CBL-type) and large (CDPK-type) Ca 2+ sensors are therefore part of 
a complex signaling network of interconnected pathways. A prime goal of 
many plant biologists is to understand how this network is established and 
how it functions to link discrete external signals to specific cellular and physio- 
logical responses. In this chapter, I focus on the two families of small Ca 2+ sen- 
sors (CaM and CBL) and CDPKs to explore the general paradigms on how spe- 
cific signals may be transmitted through the combined action of these proteins . 

6.2 CDPKs, plant calcium "sensor responders" 

Calcium's role as a second messenger has been identified in all eukaryotes. 
Before the finding of CaM-domain protein kinases (CDPKs), the general 
paradigm for action is that calcium binds to a sensor protein (e.g., CaM), 
altering the conformation of the protein. Conformational change in the sen- 
sor protein triggers its interaction with downstream effectors (often enzymes) 
leading to the modification of that target enzyme (activity). Figure 6.2 (Color 
plate 8) shows the model for the CaM activation of CaM-dependent protein 
kinase (CaMK). Identification of CDPK in plants represents a new paradigm 
for calcium sensing because the sensor protein itself contains a kinase do- 
main that serves as an effector (Harper et ah, 1991). Therefore, the CDPKs are 
also referred to as "sensor responders" as they contain both the sensing do- 
main and the response domain (the kinase) for the calcium signaling process 
(Harper and Harmon, 2005). 

6.2.1 Structural diversity and regulation of CDPK superfamily 

The first CDPK to be cloned represents a typical CDPK that contains CaM-like 
calcium-binding domains (Harper et ah, 1991). Subsequent studies identified 
several subtypes of protein kinases that are highly related to CDPK and may 
reflect evolutionary diversification of the same type of protein kinases. These 
include the CDPK-related kinases (CRKs) and calcium and CaM-dependent 
kinases (CCaMKs). The CRKs have high sequence homology to CDPKs and 
retain a general similarity in their structural domains (Fig. 6.3, Color plate 9). 
For example, the kinase domains in the CRKs are followed by a long C- 
terminal domain corresponding to the CaM-like domains in the CDPKs, al- 
though the calcium-binding EF-hand motifs are not conserved anymore in 
CRKs. The structural features of CCaMK are rather unique in that they con- 
tain both calcium-binding and CaM-binding domains in the same protein 
(Fig. 6.3, Color plate 9). Instead of four EF hands in the CDPKs, CCaMKs 
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usually have three EF hands like those in the other types of calcium-binding 
proteins called visinin in animals (Patil et ah, 1995). 

Biochemical studies on CDPKs have identified several regulatory features 
that represent important models for the regulation of calcium-regulated pro- 
tein kinases in plants (reviewed by Harper and Harmon, 2005). The struc- 
tural domains, as they are referred to, carry straightforward features related 
to their function and regulation. For example, the kinase domain contains 
the catalytic site of the enzyme; the EF-hand motifs are calcium-binding do- 
mains; the autoinhibitory domain is located in between the kinase and the 
EF hands and functions to repress the kinase activity when calcium signal is 
absent. Presumably, the autoinhibitory domain serves as a pseudosubstrate 
that binds to the kinase active site and blocks the access of substrates. Upon 
calcium binding, the conformational change results in the release of the in- 
hibitory domain from the active site thereby making the kinase site available 
for substrate access (Fig. 6.4, Color plate 10). In addition to calcium-dependent 
regulation, some CDPKs have been shown to be modified by myristoylation 
and palmitoylation (Martin and Busconi, 2000). By attaching a lipid module 
to the N-terminus of the protein, these modifications can effectively target the 
protein to the cell membranes. For the regulation of CCaMKs, calcium bind- 
ing to the visinin-like domain enhances the autophosphorylation that in turn 
increases CaM-binding affinity, leading to maximal activation of the kinase 
toward its substrate (Takezawa et ah, 1996). The identification of plant CDPKs 
and CCaMK significantly expands the repertoire of calcium-regulated protein 
kinases in eukaryotes. 

6.2.2 Functional diversity of CDPKs and CCaMKs 

Where and when a gene is expressed and subcellular localization of the gene 
product often determine the function of the gene (product). A number of 
studies address the temporal and spatial expression patterns of CDPK genes. 
Recent transcriptional profiling studies further enriched the information at the 
genome scale on gene expression patterns. Although a comprehensive study 
of all CDPKs is lacking, some members of CDPK genes have been shown to 
be ubiquitously expressed, whereas others are expressed with tissue speci- 
ficity, regulated by various signals such as stress conditions, light, hormones, 
and pathogens (reviewed by Cheng et ah, 2002; Hrabak et ah, 2003; Harper 
et ah, 2004). Concerning the subcellular localization, studies have shown that 
CDPKs can be either soluble or associated with cell membranes. Some mem- 
bers are found to be located throughout the cytoplasm and the nucleus. The 
subcellular compartments that contain CDPKs range from the plasma mem- 
brane (PM), peroxisomes, endoplasmic reticulum, seed oil bodies, and mito- 
chondria (Harper and Harmon 2005). Interestingly, most of the CDPKs con- 
tain both myristoylation and palmitoylation sites at their N-termini, which 
could be responsible for the recruitment to the cell membranes. It is yet to be 
determined how the subcellular locations of these CDPKs are related to their 
functions. 
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Toward the understanding of CDPK function in plant physiology, several 
approaches have been taken and a number of results are revealing. Using 
biochemical approaches, a growing list of substrates for CDPKs have been 
identified, and they are involved in a number of cellular processes. These 
substrates include but are not limited to enzymes involved in carbon, nitro- 
gen, and sulfur metabolism (Tang et ah, 2003; Hardin et ah, 2004; Liu et ah, 
2006), enzymes for secondary metabolism (Cheng et ah, 2001), and proteins 
for ion and water transport (Hwang et ah, 2000; Guenther et ah, 2003). The 
phosphorylation of substrates by CDPKs can alter enzyme / transport activ- 
ity against its substrate (in the case of aquaporin and phenylalanine ammo- 
nia lyase) or change the regulatory properties of the substrates (Liu et ah, 
2006), or protein stability (Tang et ah, 2003). These biochemical studies have 
yet to be connected to the physiological functions of the relevant CDPKs in 
plants. 

Although significant effort has been dedicated to the functional analysis of 
CDPKs, it has been challenging to assign function to specific CDPKs using 
either forward or reverse genetics approaches. Available data so far suggest 
that significant redundancy among CDPK members may account for diffi- 
culty in genetic analysis. For example, a recent report (Mori et ah, 2006) showed 
that two CDPKs (CPK3 and CPK6) are involved in the regulation of stomatal 
response to ABA. Plant hormone ABA is a well-known chemical messenger 
that is produced upon stress exposure especially under drought conditions. A 
critical response in plants to drought is closing their stomata to preserve wa- 
ter. Between the drought signal and stomatal closure, a number of signaling 
components including ABA and calcium have been identified. Furthermore, 
calcium has been shown to serve as a downstream second messenger for ABA 
in stomatal closing response. However, little is known regarding the mecha- 
nism of calcium action in guard cells except that ion channels responsible for 
turgor regulation are potential targets for ABA-induced calcium fluctuation 
(Allen et ah, 2000; MacRobbie, 2000; Schroeder et ah, 2001; Luan, 2002). As 
CDPKs are important sensor responders in plants, it is speculated that they 
may play a role in calcium-regulated stomatal closure. The work by Mori et ah 
(2006) showed that disruption of CPK3 and CPK6 resulted in rather subtle 
phenotypic changes at the whole plant level despite the changes in the ion 
channel activities in the guard cells. This study therefore indicates that, in 
addition to functional redundancy, genetic analyses to identify whole plant 
phenotype may not be successful due to specific cellular processes that a par- 
ticular CDPK may be responsible for, and that changes in such processes may 
not necessarily cause whole plant phenotypic changes. 

Calcium signaling is crucial for many aspects of reproductive biology. 
The earliest evidence of such conclusion was obtained by the finding of a 
calcium "wave" during the fertilization process in sea urchins. In plants, 
pollen tube growth has been used as a single-cell model for the study of 
calcium signaling for decades. The pollen tube elongation is a directional 
growth that absolutely requires calcium oscillation (Franklin-Tong et ah, 
1996). It is not known how calcium waves are decoded by the sensors and 
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effectors in the male gametophyte. Some studies indicate involvement of 
CDPKs. These include finding of a large number of CDPKs expressing in 
the pollen grains, antisense RNA interference of pollen tube growth (Estruch 
et ah, 1994; Yoon et ah, 2006). It is possible that a high degree of functional 
redundancy may also be found in pollen CDPKs. 

Although CCaMK is not found in model plant Arabidopsis, studies have 
demonstrated a critical role of such calcium-regulated protein kinases in 
plant-microbe symbiosis. One example is the legume-Rhizobium symbiosis 
in nitrogen fixation process. An early signaling event in plant recognition of 
bacterial partner is calcium oscillation in root hairs (Ehrhardt et ah, 1996). 
Similar calcium signaling has also been identified in the process of plant- 
fungus symbiosis. A genetic screen identified a mutant defective in nodule 
formation in the legume M. truncatula and the gene affected in the mutant 
encodes a CCaMK containing typical visinin-like EF hands in the calcium- 
sensing domain. Together with the identification of several other genes that 
encode receptor-like kinases and a cation transporter in the nodulation pro- 
cess, it is predicted that the legume-Rhizobium interaction signaling may in- 
volve generation and decoding of calcium signals (reviewed in Oldroyd and 
Downie, 2004). The CCaMK-type kinases are clearly candidates for decoding 
calcium changes during legume-microbe interaction. More recent studies us- 
ing CCaMK mutants lacking the autoinhibitory domain (making the kinase 
constitutively active) demonstrate that a CCaMK (DMI3) is required and suffi- 
cient for the nodulation-related plant cell morphogenesis (Gleason et ah, 2006; 
Tirichine et ah, 2006) highlighting the possibility of transferring nitrogen fix- 
ation to nonlegume plants by manipulation of CCaMK and other molecular 
components in the plant-Rhizobium interaction pathway. Because Arabidopsis 
does not seem to have any type of symbiotic relationship with microbes, it 
is speculated that CCaMKs may be specifically involved in such symbiotic 
processes. 



6.3 CaM: small calcium sensors with a variety 
of target proteins 

6.3.1 Plant genomes encode a large number of CaMs and 
CaM-related proteins 

Perhaps the best-known calcium-binding protein is CaM, a highly conserved 
protein in all eukaryotic systems. Compared to animal and fungi that con- 
tain only a few CaM genes, plants contain an extended superfamily of CaMs 
and CaM-related proteins with a diverse number of Ca 2+ -binding EF hands 
and additional domains (Snedden and Fromm, 1998; Zielinski, 1998; Sned- 
den and Fromm, 2001; Luan et ah, 2002). Table 6.1 lists the known and puta- 
tive CaM genes in Arabidopsis. In addition, a large number of CaM -like and 
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CaM-related proteins are identified in plant species. In Arabidopsis, typical 
CaM members include CaMl-7 that are highly similar to animal CaM and to 
each other (>95% identical on amino acid sequence). Other proteins listed in 
Table 6.1 (CaM8-14) share 50-75% amino acid identity to the typical CaM2 
and some of them have been shown to have CaM activity. They are referred 
to as CaM-like (CaM8, 9, 13, and 14) or, when they have additional non-CaM 
domains, CaM-related proteins (CaM10-12). For example, Arabidopsis CaM8 
is a CaM-like protein because of its more divergent sequence. This protein 
can function as a CaM in Ca 2+ -binding and yeast complementation experi- 
ments, but it appears to interact with a more limited set of target proteins as 
compared to typical CaM isoforms (Zielinski, 2002). A good example of CaM- 
related protein is petunia CaM53, which has been demonstrated to have CaM 
activity but it contains a polybasic C-terminal domain that is not found in a 
typical CaM (Fig. 6.1, Color plate 7). As discussed later, this extra domain in 
CaM53 regulates its cellular localization (Rodriguez-Concepcion et ah, 1999). 
It is also interesting that the genes encoding CaMlO, CaM12, and CaM2 are 
organized in a tandem array in this order in chromosome 2. This could result 
from gene duplication and incorporation of additional domains in a sequence 
of events from CaM2 to CaMlO to CaM12 (see Fig. 6.1 (Color plate 7) and 
Table 6.1). 

The EF hands in CaM protein are organized into two distinct globular do- 
mains, each of which contains one pair of EF hands. Each pair of EF hands 
is considered to be the basic functional unit. Pairing of EF hands is thought 
to stabilize the protein and increase its affinity toward Ca 2+ (Seamon and 
Kreetsinger, 1983). Although each globular domain binds Ca 2+ and under- 
goes conformational changes independently, the two domains act in concert to 
bind target proteins (Nelson and Chazin, 1998). Upon increase of Ca 2+ to sub- 
micromolar or low micromolar levels, all CaM molecules will are activated. 
Cooperative binding is required for this "on-off " mechanism to function effi- 
ciently. Cooperativity of Ca 2+ binding ensures that full activation of the CaM 
occurs in a narrow region of calcium concentrations during a signaling event. 

Selectivity of CaM towards Ca 2+ is also an important factor in effective 
transduction of the Ca 2+ signal. CaMs bind Ca 2+ selectively in the presence 
of high concentrations of Mg 2+ and monovalent cations in the cell. The cation 
selectivity is achieved by optimizations in the structure folds of the binding 
loop (Fig. 6.5, Color plate 11). For example, the discrimination between Ca 2+ 
and Mg 2+ is accomplished through the reduction in the size of the binding 
loop. Binding of Mg 2+ ions would collapse the EF-hand loop, thereby reduc- 
ing the distance between negatively charged side chains and destabilizing 
the CaM-Mg 2+ complex (Falke et ah, 1994). Even small changes in the chem- 
ical properties of the Ca 2+ -binding loop (e.g., Glul2^Gln) can drastically 
reduce the binding affinity to Ca 2+ (Beckingham, 1991; Haiech et ah, 1991). 
The Glul2^Gln mutation changes the carboxylate side chain into carboxy- 
lamide, which removes the oxygen ligand for Ca 2+ (Nelson and Chazin, 1998). 
Together, structural analyses in combination with site-directed mutagenesis 
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established that CaMs (and other EF-hand-containing proteins) have evolved 
as highly specific Ca 2+ sensors. 

Structural analysis of the Ca 2+ -free and Ca 2+ -bound states of CaM proteins 
reveals the conformational changes induced by Ca 2+ binding (Fig. 6.5, Color 
plate 11). In the Ca 2+ -free state, CaM adopts a closed conformation. Ca 2+ 
binding triggers a conformational change and the protein now adopts an 
open conformation with near perpendicular interhelical angles between the 
globular domains. This open conformation exposes a hydrophobic surface 
within each globular domain and permits binding of protein targets (Babu 
et ah, 1988; Kuboniwa et ah, 1995; Zhang et ah, 1995). 

6.3.2 CaM targets a large array of proteins with 
various functions 

The diversity of gene expression and protein localization patterns is important 
for generating functional diversity and specificity. The temporal and spatial 
expression patterns of CaMs, such as those for CDPKs or any gene family in 
plants, are diverse. Some are ubiquitously expressed and others are regulated 
by various factors including light, mechanical stress, heat / cold shock, wound- 
ing, osmotic stress, pathogens, and plant hormones. Certain CaM genes are 
also developmentally regulated and show tissue- and cell-specific expression 
patterns. Despite extensive analysis of expression patterns, relevant physio- 
logical functions are not known. Some touch-induced genes (TCH) encode 
CaM-related proteins, which are rapidly induced by mechanical manipula- 
tion, cold- and heat-shock, phytohormones, and Ca 2+ itself (Braam et ah, 1997). 
The magnitude and kinetics of mRNA induction differ between the different 
TCH genes (Braam et ah, 1997). Extensive work with TCH3 established that 
the gene is expressed in the shoot apical meristem, vascular tissue, and root 
pericycle cells during vegetative growth in Arabidopsis. Following wind stim- 
uli, TCH3 becomes abundant in branch points of leaf primordia and stipule, 
pith parenchyma, and vascular tissues, although the functional consequences 
of this induction are not understood. 

As plants can establish specific cellular Ca 2+ signatures by restricting Ca 2+ 
to a specific compartment of the cell (reviewed in Rudd and Franklin-Tong, 
2001), the subcellular location of CaM and other calcium sensors play a role 
in decoding "local" calcium signals. Certain CaMs are found in different sub- 
cellular locations and more importantly such locations can change upon per- 
ception of extracellular signals. A good example for this type of regulation is 
petunia CaM53 (Rodriguez-Concepcion et ah, 1999). Similar to rice OsCaM61, 
CaM53 contains a polybasic 34-residues C-terminal extension ending with a 
CaaX-box motif for prenylation. CaM53 is efficiently prenylated (Caldelari 
et ah, 2001) and processed (Rodriguez-Concepcion et ah, 2000) to be targeted to 
the PM. When prenylation is blocked, the polybasic domain targets the protein 
to the nucleus. A similar prenylation-dependent membrane versus nuclear 
localization has been reported for OsCaM61 (Dong et al. 2002). Prenylation 
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and PM targeting of CaM53, however, do not depend on calcium binding. 
The prenylation status of CaM53 is likely an important aspect of its function, 
since the set of proteins with which CaM53 could potentially interact upon 
calcium binding is expected to be very different depending on the subcellular 
localization of the protein. 

An important clue for the function of intracellular calcium sensors is the 
identity of their target proteins. The Ca 2+ -bound CaM binds and regulates the 
activity of a wide range of proteins that are not necessarily related in structure. 
How can Ca 2+ -CaMs bind to so many different proteins? More specifically, 
the plasticity of the Ca 2+ -CaM structure must accommodate the variation in 
both the molecular size and composition of the target proteins. This issue 
has been addressed by structural analyses of Ca 2+ -CaM and target-bound 
Ca 2+ -CaM. Figure 6.2 (Color plate 8) shows that the two globular domains of 
Ca 2+ -CaM are interconnected by a flexible tether that can accommodate pep- 
tides of varying sizes (Nelson and Chazin, 1998). Upon binding a peptide, the 
two globular domains fold toward each other to form a hydrophobic chan- 
nel rich in methionine residues that have flexible hydrophobic side chains. 
In this channel, Ca 2+ -CaM interacts with peptides mostly through nonspe- 
cific van der Waals interactions that form between the exposed hydrophobic 
domains of Ca 2+ -CaM and the target peptides, which explains why Ca 2+ - 
CaM can bind many target proteins (O'Neil and DeGrado, 1990; Osawa, et ah, 
1998; Zhang and Yuan, 1998). Together, the structures of CaM illustrate how 
this class of proteins can function as extremely efficient Ca 2+ sensors and 
on/ of f switches, allowing them to transduce Ca 2+ signals with high efficiency 
and accuracy. Different affinities for Ca 2+ -CaM interactions with specific tar- 
get proteins may be sufficient for the differential transduction of the Ca 2+ 
signal. 

The interaction between CaM and CaMK in animal cells provides a good 
model that illustrates how Ca 2+ -CaM regulates the activity of the target. For 
example, CaMKII contains an autoinhibitory domain, which occludes the 
active site in the resting state. Ca 2+ -CaM binds to a site near or overlapping 
with the autoinhibitory domain, thereby releasing it from the active site and 
activating the enzyme (reviewed by Hook and Means 2001, discussed earlier 
in Fig. 6.2, Color plate 8). This model appears to be applicable to interactions 
between CaMs and their target proteins in plant cells based on the available 
results. CaM targets in plants have been extensively reviewed (Snedden and 
Fromm, 1998; Zielinski, 1998; Snedden and Fromm, 2001; Reddy et ah, 2002), 
and therefore we will only introduce the conceptual framework using several 
examples to explain how CaMs regulate protein target activity in plants. 

CaM target proteins can be identified using labeled CaMs to screen ex- 
pression cDNA libraries. A large number of CaM-binding proteins have been 
identified from plants. Glutamate decarboxylase (GAD) is one of the best 
studied (Baum et at, 1993, 1996; Snedden et at, 1996; Zik et al, 1998). The 
enzyme catalyzes conversion of L-glutamate into gamma-aminobutyric acid 
(G ABA) and is rapidly activated during several stress responses (Snedden and 
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Fromm, 1998, 2001). GAD is activated by binding either to CaM or to a mono- 
clonal antibody that recognizes the CaM-binding domain of GAD. In analogy 
to Ca 2+ -CaM-CaMK interaction, binding of Ca 2+ -CaM to GAD probably re- 
lieves the autoinhibitory effect of the CaM-binding domain, as mutant GAD 
lacking the CaM-binding domain (GAD-C) is constitutively active. Overex- 
pression of GAD-C in transgenic tobacco induced developmental abnormali- 
ties associated with increased GABA levels, concomitant with reduced levels 
of glutamate (Baum et al., 1996). The activation of GAD by environmental 
stimuli via the Ca 2+ -CaM signaling system is very rapid, exemplifying the 
highly cooperative on/off switch of the CaM response (Snedden and Fromm, 
1998). 

Ca 2+ -ATPases are localized in the endomembranes or PM and play a key 
role in removing Ca 2+ from the cytoplasm to terminate a signaling event, 
which is critical for Ca 2+ homeostasis in all eukaryotic cells (reviewed by 
Sze et al., 2000). Among the Ca 2+ - ATPases in higher plants, type IIB Ca 2+ - 
ATPases are major targets of Ca 2+ -CaM regulation. Unlike homologues in 
animal cells, plant type IIB ATPases are located in both endomembranes (ER 
and tonoplast) and the PM (Sze et al, 2000). Ca 2+ -CaM interacts with type IIB 
ATPases to activate the pump by releasing an autoinhibitory domain from 
the active site, similar to the Ca 2+ -CaM-CaMKII interaction in animals. It is 
noteworthy that plant Ca 2+ -ATPases are subject to regulation by CDPKs, as 
briefly described earlier. Interestingly, while Ca 2+ -CaM activates the pump, 
CDPK phosphorylation inhibits the pump, demonstrating the complexity in 
the regulation of Ca 2+ signal termination by feedback from two different 
types of Ca 2+ sensors (Hwang et ah, 2000). Several plant nucleotide-gated ion 
channels may also be regulated by Ca 2+ -CaM (Schuurink et al, 1998; Arazi 
et al, 1999, 2000; Kohler et al, 1999; Leng et al, 1999). These channel proteins 
contain six transmembrane domains and a high-affinity CaM-binding site 
overlapping with a cyclic nucleotide-binding domain (Arazi et al, 2000). 

Ca 2+ signaling and the role of CaM in the nucleus is drawing increased 
interest (Snedden and Fromm, 2001; Rudd and Franklin-Tong, 2001). CaMs 
participate in transcriptional regulation either directly by binding to tran- 
scription factors (Szymanski et al., 1996) or indirectly by activating kinases or 
phosphatases that control transcription factor activity (Marechal et al., 1999). 
Studies in animal cells demonstrated that CaM localization to the nucleus 
could be facilitated by differential Ca 2+ oscillations (Craske et al., 1999; Teruel 
et al., 2000; Teruel and Meyer, 2000), suggesting additional and complex lev- 
els of transcriptional regulation. As discussed earlier, changing the metabolic 
status of plant cells induced translocation of CaM53 to the nucleus where 
it appears to activate specific signaling (Rodriguez-Concepcion et ah, 1999). 
Selective Ca 2+ signals were measured in the cytoplasm and the nucleus of 
transgenic plants expressing either cytoplasmic or nuclear forms of the Ca 2+ 
reporter protein aequorin (van Der Luit et al., 1999; Pauly et al., 2000). Such 
Ca 2+ signals may be required for the expression of specific genes. For example, 
expression of tobacco NpCaMl (but not NpCaM2, which encodes an identical 
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CaM protein) in response to wind was stimulated by nuclear Ca 2+ transients, 
whereas cold-responsive expression was primarily induced by a cytoplasmic 
Ca 2+ transient (van Der Luit et al, 1999). Thus, spatially separated Ca 2+ sig- 
nals can also control the function of closely related CaM proteins through the 
regulation of their genes. 

Although many target proteins have been identified for CaMs, relatively 
little is known about the specific physiological function of each CaM member. 
Like the situation with CDPKs, the functional redundancy may have hindered 
the genetic analysis of CaM members in model plants such as Arabidopsis. 



6.4 The CBL-CIPK network 



6.4.1 Plant CBLs are related to calcineurin B but significantly 
diverged into a group of proteins with new functions 

Earlier studies on calcium signaling implicate a calcineurin-like protein in 
the signaling processes of ion channel regulation and salt tolerance (Luan 
et al, 1993; Allen and Sanders, 1995; Pardo et al, 1998). Calcineurin is a cal- 
cium CaM-dependent protein phosphatase highly conserved in eukaryotes 
from yeast to mammals (Klee et al, 1998). Like CaM-dependent protein ki- 
nase, calcineurin contains a CaM-binding domain in the catalytic subunit (cal- 
cineurin A). In addition, another regulatory subunit (calcineurin B) binds to 
the catalytic subunit and is required for the activation of the phosphatase. Cal- 
cineurin B, like CaM, also contains four EF-hand calcium-binding domains, 
although the overall sequence is not related to CaM. As calcineurin serves 
as a critical molecular switch to many cellular processes in eukaryotes from 
yeast to mammals, it was speculated that similar molecules might also exist 
in plants. Extensive effort focused on the isolation of calcineurin-like proteins 
and genes from plants and a family of genes encoding calcineurin B-like pro- 
teins (CBLs) were eventually identified from Arabidopsis (Kudla et al, 1999). 
Independently, a genetic analysis of salt mutants identified a gene related to 
calcineurin B (called SOS3, Liu and Zhu, 1998) and is a member of the CBL 
family (also referred to as CBL4). CBLs are encoded by a multigene family of 
at least 10 members in Arabidopsis (Table 6.2), which have similar structural 
domains with small variations in the length of the coding regions (Kudla 
et al, 1999; Kim et al, 2000; Albrecht et al, 2001; Guo et al, 2001b). Their amino 
acid sequence identity, which ranges from 20 to 90%, would be sufficient for 
functional redundancy among the closely related members, while allowing 
for functional specificity among more diverged members. Unlike CaM genes, 
CBLs have been identified until now only in higher plants, suggesting that 
CBLs may function in plant-specific signaling processes. Comparing CaM 
with CBL proteins, the two families do not show significant similarity in 
their primary amino acid sequences except for the conserved positions in the 
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Table 6.2 CBL genes and proteins in Arabidopsis 



Name 


Protein 

accession 

number 


Nucleotide 

accession 

number 

(verified 

cDNAs) 


MIPS/TAIR 

accession 

number 


Synonyms 


Amino 
acids 


Introns 


AtCBLI 


AAC26008 


AF076251 


At4g1 7615 




214 


Yes 


AtCBL2 


AAC26009 


AF076252 


At5g55990 




227 


Yes 


AtCBL3 


AAC26010 


AF076253 


At4g26570 




226 


Yes 


AtCBL4 


AAC28402 


AF1 92886 


At5g24270 


SOS3 


223 


Yes 


AtCBL5 


AAC28401 


AF1 92885 


At4g01420 




214 


Yes 


AtCBL6 


AAC28400 


AF1 92884 


At4g16350 




227 


Yes 


AtCBL7 


AAC 10059 


AF290434 


At4g26560 




214 


Yes 


AtCBL8 


AAL10300 


AF411957 


Atl g64480 




214 


Yes 


AtCBL9 


AAL10301 


AF411958 


At5g471 00 




213 


Yes 


AtCBLI 0 


In progress 


AF490607 


At4g33000 




256 


Yes 



EF-hand motifs. In addition to a general sequence difference, CaMs and CBLs 
also differ in the number of typical EF-hand motifs in their basic structure. 
Typically, CaMs contain four EF hands and CBLs contain three canonical EF 
hands. Recent studies have resolved the 3D structure of two members in the 
CBL family and in both cases, the fourth "EF hand" appears to diverge into a 
Mn-binding domain (Nagae et ah, 2003; Sanchez-Barrena et ah, 2005). 

6.4.2 The CBL-type calcium sensors target a family of protein 
kinases — a shift-of-paradigm from calcineurin in yeast 
and animals 

As discussed earlier, small calcium sensors function by targeting downstream 
effectors. Unlike CaMs that interact with a large variety of target proteins, 
CBLs appear to interact with a single family of protein kinases (Shi et ah, 
1999). These kinases, referred to as CBL-interacting protein kinases (CIPKs), 
are most similar to sucrose nonfermenting (SNF) protein kinase from yeast 
and animals in the kinase domain but retain unique C-terminal regulatory 
domains. The CBL-CIPK interaction represents a major shift-of-paradigm 
in calcium signaling as compared to yeast and animals where calcineurin 
B protein interacts and regulates a protein phosphatase. The CBLs interact 
with CIPKs through the C-terminal nonkinase domain that contains a con- 
served region among different CIPK members (Shi et ah, 1999; Kim et ah, 2000; 
Abrecht 2001; Guo et ah, 2001). Interestingly, interaction between CBL1 and 
CIPK1 requires micromolar levels of Ca 2+ . This Ca 2+ -dependent interaction is 
consistent with the general paradigm established for Ca 2+ -sensor interactions 
with target proteins in animals (e.g., Ca 2+ -CaM-CaMKII interaction). Another 
study (Halfter et ah, 2000) using SOS3 (also referred to as CBL4) as a "bait" 
also identified several partner proteins that belong to the CIPK family. In 
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particular, SOS3 interaction with SOS2 (also called CIPK24) stimulates kinase 
activity against a peptide substrate, suggesting that SOS3 serves as a regu- 
latory subunit of SOS2. SOS2 and SOS3 were initially identified by a genetic 
screen for Arabidopsis mutants that are salt-overly sensitive (reviewed by Zhu, 
2003). 

Regarding the biochemical properties of CIPKs, studies showed that CIPKs 
have strong substrate specificity with very low activity against generic sub- 
strates (Shi et al., 1999). In addition, the CIPK kinase activity prefers Mn 2+ as 
a cofactor over Mg 2+ (Shi et al., 1999). Interaction with CBLs activates the ki- 
nase activity of CIPKs. One study suggests that the CBL-interacting domain 
may serve as an autoinhibitory domain that blocks the kinase active site (like 
the situation in CDPK or CaMK) (Guo et al, 2001). The CBLs interact with 
the autoinhibitory domain in CIPKs and by doing so may release the kinase 
domain for substrate access (see Fig. 6.2, Color plate 8). 

The Arabidopsis genome contains a large number of genes for putative CIPK 
proteins. Table 6.3 lists 25 CIPK genes that have been confirmed by cDNA 



Table 6.3 CIPK genes and proteins in Arabidopsis 







Nucleotide 














accession 












Protein 


number 


MIPS/TAIR 










accession 


(verified 


accession 




Amino 




Name 


number 


cDNAs) 


number 


Synonyms 


acids 


Introns 


AtCIPKI 


AAC28776 


AF302112 


At3g 17510 




444 


Yes 


AtCIPK2 


AAF86506 


AF286050 


At5g07070 




456 


No 


AtCIPK3 


AAF86507 


AF286051 


At2g26980 




375 


Yes 


AtCIPK4 


AAC01367 


AY007221 


At4g14580 




426 


No 


AtCIPK5 


AAF86504 


AF285105 


At5g10930 




431 


No 


AtCIPK6 


AAF86505 


AF285106 


At4g30960 




441 


No 


AtCIPK7 


AAK1 6682 


AF290192 


At3g23000 


AtSRI 


429 


No 


AtCIPK8 


AAK16683 


AF290193 


At4g24400 




445 


Yes 


AtCIPK9 


AAK1 6684 


AF295664 


At1g01140 




449 


Yes 


AtCIPKI 0 


AAK16685 


AF295665 


At5g58380 




479 


No 


AtCIPK1 1 


AAK16686 


AF295666 


At2g30360 




435 


No 


AtCIPKI 2 


AAK16687 


AF295667 


At4g18700 




489 


No 


AtCIPKI 3 


AAK16688 


AF295668 


At2g34180 




502 


No 


AtCIPKI 4 


AAK16689 


AF295669 


At5g01820 


AtSR2 


442 


No 


AtCIPKI 5 


AAK16692 


AF302111 


At5g01810 


AtPKI 0 


421 


No 


AtCIPKI 6 


AAK50348 


AY030304 


At2g25090 




469 


Yes 


AtCIPKI 7 


AAK6451 3 


AY036958 


Atl g48260 




421 


Yes 


AtCIPKI 8 


AAK59695 


AY034099 


At1g29230 




520 


No 


AtCIPKI 9 


AAK50347 


AY030303 


At5g4581 0 




483 


No 


AtCIPK20 


AAK61493 


AY035225 


At5g45820 




439 


No 


AtCIPK21 


AAK59696 


AY034100 


At5g57630 




417 


Yes 


AtCIPK22 


AAL47845 


AF450478 


At2g38490 




445 


Yes 


AtCIPK23 


AAK61494 


AY035226 


At1g30270 




482 


Yes 


AtCIPK24 


AAK72257 


AF395081 


At5g35410 


SOS2 


446 


Yes 


AtCIPK25 


AAL41 008 


AF448226 


At5g25110 




487 


No 
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cloning and sequencing. Further experiments have extended the analysis of 
CBL-CIPK interactions to the entire family of CBLs and a large fraction of 
the CIPK family in an effort to determine the functional pairs of CBLs and 
CIPKs. These studies revealed that each CBL interacts with a subset of CIPKs 
and each CIPK interacts with one or more CBLs. Some CBLs share common 
CIPK targets and some CIPKs share common CBL-regulatory subunits. Such 
interaction specificity and overlap among various members in the CBL and 
CIPK family may well reflect the functional specificity and redundancy (Kim 
et al, 2000; Albrecht et al, 2001; Guo et al, 2001). It must be noted, however, 
that these interaction studies were performed using mostly the yeast two- 
hybrid system and therefore may not necessarily represent the physiological 
situations in plants. In addition to matching the CBLs with their target kinases, 
the interaction studies further defined the functional domains of CBLs and 
CIPKs. For example, the CBL-inter acting domain in the C-terminal region 
of CIPKs was localized to a small region of approximately 20 amino acids 
(Kim et al, 2000; Albrecht et al, 2001; Guo et al, 2001). This domain may be 
important in kinase regulation by releasing the autoinhibitory domain (Guo 
et al, 2001). 

Besides regulating the activity of the CIPK kinases, certain structural fea- 
tures of CBLs also suggest these Ca 2+ sensors can change cellular localization 
of the CBL-CIPK complexes. Several CBLs have a conserved myristoylation 
site in their N-terminal region (Liu and Zhu, 1998; Kudla et al, 1999; Kim et al, 
2000; Albrecht et al, 2001). It would be expected that these CBLs are localized 
to cell membranes, which could serve as a regulatory mechanism for estab- 
lishing a local signal cascade similar to the model discussed for CaM53 above. 
For example, a significant amount of SOS3/CBL4 is always found associated 
with the membrane fraction and the myristoylation site is required for the 
function of the protein (Ishitani et al, 2000). CBL1 and CBL9 are also asso- 
ciated with the membrane (D'Angelo et al, 2006; Xu et al, 2006) and target 
their common target CIPK1 and CIPK23 to the PM thereby enabling CIPK 
phosphorylation of membrane associated protein substrate(s) (see details in 
later sections). Together, the view emerges that in plants certain calcium sen- 
sors (including CDPK, CBL, and CaM) have acquired protein domains that 
restrict their localization, serving as a mechanism to establish local signal 
transduction pathways that initiate specific cellular responses. 

6.4.3 Physiological pathways involving CBL-CIPK 
signaling modules 

The diversity in protein sequence / structure and expression pattern of CBLs 
and CIPKs suggest that these proteins perform many diverse functions. To 
date, a physiological function has been established for several CBL-CIPK 
modules. As discussed above, SOS2/CIPK24 and SOS3/CBL4 have been 
identified by a genetic screen and play a role in salt tolerance in Arabidop- 
sis (reviewed in Hasegawa et al, 2000; Zhu, 2003). Because high salt triggers 
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an increase in Ca 2+ levels in the cytoplasm (Pauly et al, 2000), salt tolerance 
could therefore involve Ca 2+ signaling and the signal could be transmitted 
via CBL-CIPK pathways for salt detoxification (Hasegawa et al, 2000). In 
this context, studies have established that SOS3/CBL4-SOS2/CIPK24 may 
directly regulate the downstream component SOS1, a putative Na + /H + an- 
tiporter (Shi et al, 2000), thereby enhancing the salt detoxification process. 
More recent studies (Kim et al, 2007; Quan et al, 2007) placed another CBL, 
CBL10, in the salt tolerance pathway. Interestingly, CBL10, like SOS3/CBL4, 
also interacts with and appears to function through SOS2 / CIPK24. However, 
unlike SOS3 / CBL4 that functions mainly in the roots, CBL10 is expressed and 
functions almost exclusively in the shoots/leaves (Kim et al, 2007; Quan et al, 
2007). Perhaps the most unique feature of the cbllO mutant is that the mutant 
plants, despite being more sensitive to salt, accumulate less salt than the wild 
type (Kim et al, 2007). This feature is consistent with the hypothesis that CBL10 
may be required for the transport of salt into vacuole thereby controlling cellu- 
lar salt homeostasis. This hypothesis is supported by the finding that CBL10 
protein interacts with SOS2/CIPK24 and targets the CBL10-SOS2/CIPK24 
complex to the vacuole membrane (tonoplast) (Kim et al, 2007). 

Biochemical studies have shown that CBL1 expression is highly responsive 
to a variety of abiotic stress conditions including wounding, cold, drought, 
and high salt, implicating CBL1 in signaling these stress signals (Kudla et al, 
1999). This hypothesis is supported by further genetic analysis of the CBL1 
gene. Disruption of CBL1 gene function renders mutant plants hypersensitive 
to drought, high salt, and hyperosmotic stress (Cheong et al, 2003; Albrecht 
et al, 2003). These phenotypes suggest that CBL1 gene not only functions in 
salt tolerance but in other abiotic stress responses as well, which is distinct 
from SOS3 / CBL4 that f unctions specifically in ionic homeostasis under high- 
salt condition. Interestingly, CBL9, although highly similar to CBL1 in its 
amino acid sequence, still displays functional specificity as compared to CBL1 
and plays a role in ABA response and ABA biosynthesis in seed germination 
(Pandey et al, 2004). The CBL1 and CBL9 both interact with CIPK1 forming 
alternative complexes that functionally diverge in regulating AB A-dependent 
and independent pathways for osmotic responses (D'Angelo et al, 2006). 
Furthermore, CBL9 and CIPK3 form a specific complex that functions in ABA 
response in seed germination (Pandey et al, 2004; Pandey et al, 2008). The 
functional specificity defined by different CBL-CIPK complexes is a critical 
feature for the functional versatility of the CBL-CIPK network. 

As highly similar CBLs, CBL1 and CBL9 also possess redundant functions. 
This has been demonstrated by studies showing that CBL1 and CBL9 both 
target CIPK23 and function redundantly in the regulation of potassium (K) 
uptake and stomatal movements (Li et al, 2006; Xu et al, 2006; Cheong et al, 
2007). A genetic screen for low-K tolerant mutants identified CIPK23 as a crit- 
ical K-nutrition determinant in Arabidopsis (Xu et al, 2006). A reverse genetic 
analysis on CIPK members identified CIPK23 as critical for both stomatal re- 
sponse and low-K response (Li et al, 2006, Cheong et al, 2007). The K-nutrition 
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phenotype in the mutants was defined as hypersensitivity on low-K medium. 
Such defect is caused at least in part by the lower K-uptake capacity in the 
mutants (Li et ah, 2006; Xu et ah, 2006; Cheong et ah, 2007). As CIPK23 in- 
teracts with several CBLs including both CBL1 and CBL9 (Xu et ah, 2006; 
Cheong et ah, 2007), it was speculated that CBL1 and CBL9 may function 
in CIPK23-mediated pathways such as K-nutrition and stomatal responses. 
Because cbll and cbl9 single mutants did not show phenotypic changes in Re- 
uptake and stomatal movement (Cheong et ah, 2003; Pandey et ah, 2004), it was 
predicted that CBL1 and CBL9 may function redundantly in these processes. 
Indeed, cbllcM9 double mutant displayed defects in the low-K and stomatal 
response (Li et ah, 2006; Xu et ah, 2006; Cheong et ah, 2007). As both K-uptake 
and stomatal response involve K-transport across the PM, a potential down- 
stream target of the CBL1/9-CIPK23 pathway may be a K transporter. This 
is consistent with the fact that both CBL1 and CBL9 are localized to the PM 
(possibly via myristoylation) and recruit their target CIPK23 to the same lo- 
cation. Using both biochemical and electrophysiological approaches, studies 
have identified AKT1, a voltage-gated K-channel, as a specific downstream 
target of CIPK23 (Li et ah, 2006; Xu et ah, 2006). The CIPK23 protein physically 
interacts with and phosphorylates the AKT1 channel protein. In the Xenopus 
oocyte model system for AKT1 activity assay, the CBL1 (or CBL9)-CIPK23 
complex is required for the activation of the AKT1 channel (Li et ah, 2006; Xu 
et ah, 2006). The activation of the AKT1 depends on the presence of calcium 
and an active kinase domain, indicating that the kinase activity (phosphory- 
lation of AKT1) and calcium messenger are essential for the AKT1 activation 
(Li et ah, 2006). If the CBL1/9-CIPK23-AKT1 pathway operates in vivo, dis- 
ruption of CBL1/9 or CIPK23 would decrease AKT1 activity. Patch-clamping 
studies using root hair cells demonstrated that AKT1 activity in the cipk23 
mutant and cbllcbl9 double mutant is significantly reduced, connecting the 
CBL1/9-CIPK23 with the regulation of AKT1 activity and K-uptake in planta 
(Li et ah, 2006; Xu et ah, 2006, Cheong et ah, 2007; Fig. 6.6). 

The study on the CBL1/9-CIPK23-AKT1 pathway is significant not only 
for the functional analysis of the CBL-CIPK network but also for the un- 
derstanding of nutrient sensing signal transduction (as discussed in Li et ah, 
2006). It has long been realized that culturing plants in the low-K medium 
enhances the K-uptake capacity of the plant roots (reviewed by Ashley et ah, 
2006). However, little is known about the signaling components that connect 
the low-K signal with the enhanced K uptake. Recent studies suggest that 
low K increases production of reactive oxygen species (ROS) that trigger cal- 
cium fluctuations in root cells (Foreman et ah, 2003; Shin and Schachtman, 
2005). Studies on the CBL1/9-CIPK23-AKT1 pathway place several compo- 
nents in the signaling process for low-K response (Fig. 6.7, Color plate 12). 
Further studies show that several more members of CBL and CIPK families 
can regulate the AKT1 channel. In addition, a PP2C-type protein phosphatase 
inactivates AKT1, establishing the first comprehensive kinase-phosphatase 
network that regulates an ion channel in plant cell (Lee et ah 2007). 
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Figure 6.6 CBL-CIPK pathway involved in regulation of both stomatal movement and 
K uptake. Drought/ABA and low K may utilize ROS as a chemical messenger that triggers 
calcium changes. CBLs bind calcium and interact and activate CIPK23 that activates AKT1 
promoting stomata opening and K uptake/low-K tolerance. Other CIPKs and other 
channels may also be involved in this "network." The other branch of the calcium 
signaling activates CDPKs that induces stomatal closure by activating anion channels 
(see the text). 



6.5 Perspectives: complex networks for Ca 2+ decoding 
in plant cells 

Most if not all of signaling pathways in plants involve Ca 2+ signal one way or 
the other (reviewed by Sanders et ah, 1999, 2002; Trewavas, 1999; Rudd and 
Franklin-Tong, 2001). This leads us to the opening question of "how can a cell 
distinguish different extracellular signals by specific responses if they all use 
Ca 2+ as a messenger?" If one examines the nature of Ca 2+ signals produced 
by various stimuli in both animals and plants, they vary in their spatial and 
temporal information, which is referred to as "Ca 2+ signatures" (reviewed 
in Rudd and Franklin-Tong, 2001; Sanders et ah, 2002). Subtle differences in 
these signatures may be responsible in part for the "specificity" in cellular re- 
sponses. There is little doubt that Ca 2+ sensors and their targets are involved in 
further defining such signaling "specificity." First, in plants there exist a num- 
ber of distinct calcium sensors including but not limited to those discussed 
here (CDPKs, CaMs, and CBLs), their target proteins, and further downstream 
components in the signaling pathways. What pathway to take for decoding a 
particular Ca 2+ signature may depend largely on the presence of these signal- 
ing components in a specific cell. This is consistent with the distinct temporal 
and spatial expression pattern of calcium sensors and their target proteins, 
which determine the abundance of the signaling proteins in a particular cell 
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under a particular condition. In addition, targeting of certain proteins such 
as CaM53 and CBL1 to specific subcellular locations will further define their 
function in the readout of Ca 2+ signatures. Second, the specificity of calcium 
sensors in interactions with their targets certainly plays an important role for 
the diversity of cellular responses. For example, different CBLs interact with 
different subgroups of CIPKs or different CBLs may interact with the same 
subgroup of CIPKs with different affinities. The combinatorial potential of 
these proteins would contribute to the mechanism for a discrete response. 
Such examples include CBL1 and CBL9, two highly similar calcium sensors 
that have both redundant and specific functions. Third, substrate specificity 
and differential cofactor dependence of CIPKs presents an additional level of 
regulation in the CBL-CIPK system. The availability of a particular substrate 
for CIPKs in a cell also contributes to specificity. In conclusion, "specificity" 
in the Ca 2+ signaling system results from a multifactorial decision process, 
ranging from a specific Ca 2+ signature to the availability of a specific set of 
calcium sensors and their target proteins, which are coupled to downstream 
components. Each step in this process constrains the Ca 2+ signal, ultimately 
leading to "specificity" in cellular responses, yet providing opportunities at 
every step for potential cross-talk to parallel or competing pathways. To fully 
understand the Ca 2+ signaling pathways, we must not only decode the Ca 2+ 
signatures but also dissect the "combination code" that consists of calcium 
sensors and downstream target proteins. 
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Abstract: Reactive oxygen species (ROS) control many different processes in 
plants, including growth, development, and response to biotic and abiotic stim- 
uli. However, as toxic molecules ROS are also capable of causing cell injury or 
death. How this conflict is resolved in cells is largely unknown. Nonetheless, it is 
clear that the steady-state level of ROS in cells needs to be tightly regulated. In the 
flowering plant Arabidopsis thaliana, a network of more than 150 genes is involved 
in managing the level of ROS in cells. This network is highly dynamic and redun- 
dant, and encodes for ROS sensing, scavenging, and producing proteins. Although 
recent studies unraveled some of the key players of the ROS network, many ques- 
tions related to its mode of regulation, its protective roles, and its modulation of 
signaling networks that control growth, development, and stress responses remain 
unanswered. This chapter gives an overview of the ROS network in plants and 
discusses its complexity and the challenges it poses for researchers attempting to 
study basic processes in plant biology. 

Keywords: antioxidants; reactive oxygen species (ROS); ROS signal transduction; 
ROS network; scavenging; oxidative stress 



7.1 Introduction to reactive oxygen metabolism 

The introduction of molecular oxygen (O2) into our atmosphere by O2- 
evolving photosynthetic organisms, about 2.7 billion years ago, resulted in the 
production of reactive oxygen species (ROS) that have been, ever since, con- 
sidered the unwelcome companions of aerobic life (Halliwell and Gutteridge, 
1999). In contrast to atmospheric oxygen, these activated or partially re- 
duced derivatives of O2 (e.g., 1 C , 2, , H2O2, and HO*) are highly reactive 
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and toxic, and can lead to the oxidative destruction of different cellular com- 
ponents (Asada and Takahashi, 1987; Halliwell, 2006). As a consequence, the 
successful evolution of aerobic organisms on Earth has been dependent upon 
the development and / or acquisition of efficient ROS-detoxif ying mechanisms 
and antioxidants. In recent years, a new role for ROS was, however, identi- 
fied: the control and regulation of biological processes, such as growth, de- 
velopment, programmed cell death, and biotic and abiotic stress responses 
(Kovtun et al, 2000; Pei et al, 2000; Knight and Knight, 2001; Moller, 2001; 
Baxter-Burrell et al, 2002; Mullineaux and Karpinski, 2002; Torres et al, 2002, 
2005, 2006; Foreman et al, 2003; Kwak et al, 2003; Overmyer et al, 2003; Apel 
and Hirt, 2004; Shin and Schachtman, 2004; Foyer and Noctor, 2005; Joo et al, 
2005; Torres and Dangl, 2005; Asada, 2006; del Rio et al, 2006; Desikan et al, 
2006; Gapper and Dolan, 2006; Kwak et al, 2006; Mullineaux et al, 2006; Pavet 
et al, 2005; Pitzschke and Hirt, 2006; Rhoads et al, 2006; Sagi and Fluhr, 2006; 
Terada, 2006; Van Breusegem and Dat, 2006; Xing et al, 2006; Zaninotto et al, 
2006). These studies extend our understanding of ROS and suggest a dual 
role for ROS in plant biology as: (i) toxic byproducts of aerobic metabolism 
and (ii) key regulators of biological processes and pathways. 

The use of ROS as signaling molecules by plants suggests that during the 
course of evolution plant cells were able to achieve a high degree of control 
over ROS toxicity and are now using ROS as signaling molecules. Controlling 
ROS toxicity, while enabling ROS such as H2O2 or O2 to act as signaling 
molecules, is thought to require a large gene network in plants composed of 
over 150 genes in the model plants Arabidopsis thaliana (Mittler et al, 2004). 



7.2 ROS signaling and its modulation by the 
ROS gene network 

While Ca 2+ signaling is predominantly controlled in plants by storage and re- 
lease, ROS signaling is thought to be controlled by production and scavenging 
(Fig. 7.1; Mittler et al, 2004; Bailey-Serres and Mittler, 2006). ROS production 
is mediated by different cellular pathways, including respiration and photo- 
synthesis, as well as by different proteins and enzymes encoded by the ROS 
gene network (e.g., NADPH oxidases, amine oxidases, and xanthine oxidase; 
Table 7.1). In contrast, ROS scavenging is mediated by different ROS- 
scavenging enzymes and antioxidants that include ascorbate peroxidases, 
catalases, and superoxide dismutases (Table 7. 1 ; see also a partial list of the 
ROS gene network of Arabidopsis in Table 7.2). These two opposing forces, i.e., 
ROS scavenging and ROS production, control the level of ROS in cells. 

Different environmental or developmental signals feed into the ROS net- 
work of plants and alter ROS signaling in a compartment-specific or even 
a cell-specific manner. ROS signals are perceived by different proteins, en- 
zymes, or receptors, feed into a signal transduction pathway (the ROS signal 
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Signals 

Stress 

Development 
Growth mm± 
Pathogen 
PCD 

Hormones... 



ROS-production 

(e.g., NADPH oxidase) 




ROS-perception 



ROS-scavenging 
(e.g., SOD, APX, 
CAT.r.PX...) 



(-) 



Response 



(+) 



L 



Figure 7.1 A conceptual model of the ROS gene network. Different signals alter ROS 
production in cells. ROS are sensed by ROS perception mechanisms leading to the 
activation of ROS scavenging (— ) and/or the enhanced production of ROS (+). The 
interplay between ROS production and scavenging determines the steady-state level of 
ROS in cells, as well as the duration, localization, and amplitude of ROS signals. The 
decoding of ROS signals, generated by the ROS network, determines in turn the response 
of cells to the different stimuli. The ROS network is of course integrated into the vast 
network of signaling pathways of cells and is linked to NO, calcium, and other cellular 
messengers (not shown). 



transduction pathway, described below), and result in enhanced ROS scav- 
enging, thus suppressing the ROS signal (i.e., a feedback inhibition loop), or 
enhanced ROS production, thereby amplifying the ROS signal (i.e., a feed- 
back amplification loop). The interplay between the ROS-scavenging and the 
ROS-producing pathways/ enzymes of the cell (Tables 7.1 and 7.2), will there- 
fore determine the intensity duration, and subcellular localization of the ROS 
signal, and the decoding of this signal will determine the cellular response 
to the original cue, modulating different developmental, metabolic, and/ or 
defense pathways. 

During a plant-pathogen interaction, for example, the identification of a 
pathogen via a plant receptor will trigger an R gene-dependent pathway that 
will result in the enhanced production of ROS by plasma membrane-localized 
NADPH oxidases (Torres et ah, 2006). This will result in an ROS signal that will 
activate several different defense pathways. The activity of ROS-scavenging 
enzymes is important in this case because these enzymes can modulate the 
ROS signal and determine the intensity duration, or even the type of response 
(Mittler et al., 1999). Thus, the interplay between ROS scavenging and pro- 
duction could determine the response of plants to a particular pathogen. An 
abiotic stress such as osmotic stress, for example, will result in enhanced ROS 
production due to altered metabolic balance, but also due to the activation 
of NADPH oxidases and other ROS-producing signals (Mittler, 2002, 2006). 
The multiple sources of ROS produced in cells during this stress will trigger 
different ROS-scavenging pathways, and the interplay between the multiple 
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Table 7.1 Major ROS production and scavenging systems of plants 



Mechanism 



Localization 



Primary ROS 



Production of ROS 
Photosynthesis ET and PSI/II 
Respiration ET 
Glycolate oxidase 
Excited chlorophyll 
NADPH oxidase 
Fatty acid |3-oxidation 
Oxalate oxidase 
Xanthine oxidase 
Peroxidases, Mn 2+ and NADH 
Amine oxidase 

Scavenging of ROS 

SOD 

APX 

CAT 

GPX 

Peroxidases 

Thioredoxin Peroxidase 
Ascorbic acid 
Glutathione 
a-tocopherol 
Carotenoids 

Avoiding ROS production 
Anatomical adaptations 
C4/CAM metabolism 
Chi movement 

Suppression of Photosynthesis 
PS/antenna modulations 
AOX 



Chi 

Mit 

Per 

Chi 

PM 

Per 

Apo 

Per 

CW 

Apo 

Chi, Cyt, Mit, Per, Apo 
Chi, Cyt, Mit, Per, Apo 
Per 

Cyt, Chi, Mit 

CW, Cyt, Vac 

Chi, Cyt, Mit 

Chi, Cyt, Mit, Per, Apo 

Chi, Cyt, Mit, Per, Apo 

Membranes 

Chi 



Leaf structure/epidermis 

Chi, Cyt, Vac 

Cyt 

Chi 

Chi 

Chi, Mit 



o- 2 
o 2 

H 2 0 2 

'02 

o 2 

H 2 0 2 
H 2 0 2 

o 2 

H 2 0 2 , O2 
H 2 0 2 



o 2 

H 2 0 2 
H 2 0 2 

H 2 0 2 , ROOH 
H 2 0 2 
H 2 0 2 
H 2 0 2 , 0 2 
H 2 0 2 

ROOH, ^2 

'02 



o 2 
o 2 
o 2 
o 2 

o 2 
o 2 



H 2 0 2 , '0 2 
H 2 0 2 
H 2 0 2 , 
H 2 0 2 

'o 2 



'02 



Abbreviations: Apo, apoplast; Chi, chloroplast; CW, cell wall; Cyt, cytosol; ET, electron transport; Mit, 
mitochondria; Per, peroxisome; PM, plasma membrane; PS, photosystem; Vac, vacuole. 



ROS-scavenging and ROS-producing pathways during stress will determine 
the type and intensity of defense response and the capability of plant cells to 
tolerate the stress (Mittler, 2002, 2006; Mittler et al, 2004). 

It is possible that the use of ROS as versatile signaling molecules origi- 
nated from their proposed use to sense stress. Most forms of stress disrupt 
the metabolic balance of cells, resulting in altered production of ROS. Simple 
unicellular organisms, such as bacteria or yeast, sense the altered produc- 
tion of ROS by redox-sensitive transcription factors and other molecular sen- 
sors, such as two-component histidine kinases, activate different ROS-defense 
pathways, and modulate their metabolic pathways to lower the production 
rate of ROS (Costa and Moradas-Ferreira, 2001; Georgiou, 2002; Mittler et al, 
2004; Liu et al, 2005; Kanesaki et al, 2007). Variations on this pathway could 
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Table 7.2 Major ROS gene network enzymes of Arabidopsis thaliana 



Enzyme and reaction 


Cene name 


ACI code 


Localization 


Superoxide dismutase (SOD) 


FeSOD (FSD1) 


At4g25100.3 


chl 


°2 + °2 + 2H+ ~* H 2°2 + °2 


FeSOD (FSD2) 


AtSgS1 100.1 


chl 




FeSOD (FSD3) 


At5g23310.1 


chl 




Cu/ZnSOD (CSD1) 


At1g08830.1 


cyt 




Cu/ZnSOD (CSD2) 


At2g281 90.1 


chl 




Cu/ZnSOD (CSD3) 


AtSg18100.1 


per 




MnSOD (MSD1) 


At3g1 0920.1 


mit 




MnSOD-like 


At3g56350.1 


see 


Ascorbate peroxidase (APX) 


APX1 


At1g07890.1 


cyt 


2 Ase +H 2 0 2 ->■ 2 MDA + 2 H 2 0 


APX2 


At3g09640.1 


cyt 




APX3 


At4g35000.1 


per/chl 




APX4 


At4g09010.1 


chl 




APXS 


At4g35970.1 


per 




APX6 


At4g32320.1 


cyt/chl/mit 




APX 7 


At1g33660.1 


mit 




stromal-APX 


At4g08390.2 


chl/mit 




thylakoid-APX 


At1g77490.1 


chl 


Monodehydroascorbate reductase (MDAR) 
MDA + NAD(P)H + H+ -> Ase + NAD(P) 


MDAR1 


At1g63940.4 


chl/mit 


MDAR2 


At3g09940.1 


cyt 




MDAR3 


At3g27820.1 


cyt/mit 




MDAR4 


At3gS2880.1 


cyt 




MDAR5 


AtSg03630.1 


cyt 


Dehydroascorbate reductase (DHAR) 


DHAR1 


AtSg16710.1 


chl/mit 


DHA + 2 GSH ->• Asc + GSSG 


DHAR2 


AtSg36270.1 


cyt 




DHAR3 


At1g75270.1 


cyt/chl 




DHAR4 


Atlgl 9550.1 


cyt/chl 




DHARS 


Atlgl 9570.1 


cyt/chl 


Glurathlone reductase (GR) 


GR1 


At3g241 70.1 


cyt 


GSSG + NAD(P)H -> 2 GSH + NAD(P) 


GR2 


At3g54660.1 


chl/mit 


Catalase (Cat) 


Catl 


At1g20630.1 


per 


2H2O2 -* 2H 2 0 + O2 


Cat2 


At4g35090.1 


per 




Cat3 


At1g20620.1 


per 


Glutathione peroxidase (GPX) 


GPX1 


At2g25080.1 


chl 


H 2 0 2 + 2 GSH ->• 2H 2 0 + GSSG 


GPX2 


At2g31 570.1 


cyt/chl 




GPX3 


At2g43350.1 


mit 




GPX4 


At2g48150.1 


cyt 




GPX5 


At3g63080.1 


er 




GPX7 


At4g31 870.1 


chl 




GPX8 


At1g63460.1 


cyt/chl 




Phospholipid GPX6 


At4g1 1 600.1 


chl/mit 


Ferritin 


Ferritin 1 


At5g01 600.1 


chl 


Fe + P ->■ P - Fe 


Ferritin 2 


At3g56090.1 


chl/mit 




Ferritin 3 


At2g40300.1 


chl/mit 




Ferritin 4 


At3g1 1 050.1 


chl 


NADPH oxidase 


NADPH oxidase (RhohA) 


At5g07390.1 


mem 


NAUPH + e + U2 — >■ NADP + U 2 + 


NAUrH oxidase (Knonb) 


At 1 guyuyo.z 


mem 




NADPH oxidase (RhohC) 


At5g51 060.1 


mem 




NADPH oxidase (RhohD) 


At5g47910.1 


mem 




NADPH oxidase (RhohE) 


Atlgl 9230.1 


mem 




NADPH oxidase (RhohF) 


At1g64060.1 


mem 




NADPH oxidase (RhohG) 


At4g25090.1 


mem 




NADPH oxidase (RhohH) 


At5g60010.1 


mem 




NADPH oxidase (Rhohl) 


Atlgl 1230.1 


mem 




NADPH oxidase (RhohJ) 


At3g45810.1 


mem 



{continued) 
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Table 7.2 (continued) 



Enzyme and reaction 


Gene name 


AOI code 


Localization 


Altprnati\/p nyiHa^p fAOX^ 

r\l LCI 1 lu LI V C L/AIUCJ5C yr\\J/\J 


AOX nntativp 


Atl n3?^0 1 

rtL 1 U JZ J JU. 1 


mit 


zic z. i i '2 ™ i 12*—' 


AOX1 A 


At3n??370 1 
nijuzzj / vj. I 


mit 




AOX1 B 


nLjyzZJDU. 1 






AOX1 C 


nuyz/ UZ.VJ. I 


mit 




I m m i itantc 

I I 1 1 1 1 IU Lu 1 1 Li 


niTUZZZUu. i 


eld 


Pprr* virorlnvin f Prv 
I ci u All cuum 1 1 vj iAr\y 


1 -C\/«; Prv P. 
I \_ y j i i Ar\ 


Atl n4R1 30 1 

/AL 1 UtO 1 -J \J . 1 




z.i — ji i i ■2*-'2 ' r — o — J — i z. i 1 2 » 


PryR A 
Z. Lyi I I Ar\ rt 


At^nl 1 630 1 

rAL_>y 1 1 UJu. 1 


chl 




2-cys PrxR B 


At5g06290.1 


chl 




2-cys PrxR F 


At3g06050.1 


mit 




PrxR Q 


At3g26060.1 


chl 




Type 2 PrxR A 


At1g65990.1 


mem/chl 




Type 2 PrxR B 


At1g65980.1 


cyt 




Type 2 PrxR C 


At1g65970.1 


cyt 




Type 2 PrxR D 


At1g60740.1 


cyt 




Type 2 PrxR E 


At3g52960.1 


chl/mit 




Type 2 PrxR-related 


At3g03405.1 


cyt 



A partial list of the ROS gene network is shown. For a full description, see Mittler et al., 2004. Enzyme 
name and reaction are given on left followed by gene name, locus identifier, and putative cellular 
localization. The table demonstrates two major principles of the ROS gene network: redundancy and 
complexity. Thus, multiple ROS-scavenging mechanisms, with a high degree of redundancy per a 
specific ROS, can be found in each cellular compartment. 



have originated during evolution and contributed to the use of ROS as sig- 
naling molecules to control more specialized processes such as plant growth 
and defense, hormonal signaling, and development. 

7.3 Subcellular localization and coordination of the 
ROS network 

The different scavenging and producing enzymes encoded by the ROS gene 
network can be found in many different subcellular compartments (Fig. 7.2, 
Color plate 13). In addition, usually more than one enzymatic activity per a 
specific ROS can be found in each of the different compartments (Mittler et al, 
2004). Because ROS such as H2O2 can diffuse between different cellular com- 
partments (Henzler and Steudle, 2000; Bienert et al, 2007), ROS metabolism in 
a particular compartment can affect or alter the ROS homeostasis/ signaling of 
a neighboring compartment. Recent studies in Arabidopsis suggested that the 
mode of coordination between the different cellular compartments of plants 
is complex (Rizhsky et al, 2002; Mittler et al, 2004). 

For example, the application of light stress to Arabidopsis resulted in the 
induction of cytosolic and not chloroplastic ROS-def ense enzymes (Karpinski 
et ah, 1997, 1999; Pnueli et al, 2003; Davletova et al, 2005), even though most 
ROS produced during light stress are thought to be generated in chloroplasts 
and /or peroxisomes. The cytosolic ROS-scavenging pathways were further 
shown to be required for the protection of chloroplasts during light stress 
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(Davletova et al, 2005). In a different study, a double mutant deficient in 
cytosolic asocrbate peroxidase 1 and peroxisomal catalase 1 was found to be 
more tolerant to light stress compared to wild type or single mutants deficient 
in ascorbate peroxidase 1 or catalase 1 (Rizhsky et al, 2002). This finding 
was very surprising because it suggested that different cellular pathways 
are activated in cells in response to enhanced ROS production in the cytosol 
or peroxisomes. Activation of both the cytosolic and peroxisomal pathways 
further results in the generation of a new signal that is different from that 
activated by the two individual cytosolic or peroxisomal signals. How ROS 
metabolism and signaling are coordinated between different organelles in 
cells is largely unknown at present. 

7.4 Key components of the ROS gene network identified 
by reverse genetics 



Recent studies of knockout, antisense, and RNAi lines for Cat2, Apxl, 
chlAOX, mitAOX, chlCuZnSOD (CSD2), peroxiredoxins (PrxR), thio- and 
gluta-redoxins, and different NADPH oxidases revealed a strong link be- 
tween ROS and processes such as growth, development, stomatal responses, 
and biotic and abiotic stress responses (Moller, 2001; Torres et ah, 2002; Dietz, 
2003; Foreman et al, 2003; Kwak et al, 2003; Pnueli et al, 2003; Rizhsky et al, 
2003; Mittler et al, 2004; Davletova et al, 2005; Pavet et al, 2005; Torres and 
Dangl, 2005; Torres et al, 2005; Cheng et al, 2006; Gadjev et al, 2006; Miao et al, 
2006; Perez-Ruiz et al, 2006; Vieira Dos Santos and Rey, 2006). These findings 
demonstrated the complex nature of the ROS gene network of plants and its 
modulation of key biological processes. Although all the mutants listed above 
are viable, demonstrating the redundancy of the ROS gene network, a phe- 
notype was associated with most of the different genes, suggesting that they 
play a key role in the ROS signaling network of plants. Based on the analysis 
of the different mutants, proteins such as Cat2, Apxl, CSD2, and 2-cysteine 
PrxR are involved in the protection of chloroplasts against oxidative damage. 
By contrast, the absence of the NADPH oxidase genes RbohD and RbohF alters 
ROS production in cells and affects the defense response of Arabidopsis against 
pathogen attack (Torres and Dangl, 2005; Torres et al, 2005), and knockout of 
RbohC has an altered root phenotype (Foreman et al, 2003). RbohD and RbohF 
are also important for abscisic acid signaling in guard cells (Kwak et al, 2003). 
Despite these impressive achievements, the function of more than 95% of the 
genes that compose the ROS gene network of Arabidopsis remains unknown 
at present (Mittler et al, 2004). 

7.5 The ROS signal transduction pathway of plants 

Recent studies in Arabidopsis uncovered some of the key components involved 
in the ROS signal transduction pathway of plants. Nevertheless, the receptors 
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for ROS are mainly unknown at present. It has been suggested that plant cells 
sense ROS via at least three different mechanisms (Fig. 7.3, Color plate 14): (i) 
unidentified receptor proteins, (ii) redox-sensitive transcription factors, and 
(iii) direct inhibition of phosphatases by ROS (Neill et al, 2002; Mittler et al., 
2004; Hancock et al, 2006). Recent studies suggested that the histidine kinase 
receptor ETR1 and the heat shock transcription factor HSF-A4a play a role in 
H2O2 sensing in Arabidopsis (Davletova et al., 2005; Hancock et al, 2006; Miller 
and Mittler, 2006). 

Downstream signaling events associated with ROS sensing involves Ca 2+ 
and Ca 2+ -binding proteins (Bowler and Fluhr, 2000; Coelho et al., 2002; Rentel 
and Knight, 2004; Evans et al, 2005; Demidchik et al, 2007), G-proteins (Baxter- 
Burrell et al, 2002; Neill et al, 2002; Joo et al, 2005), and the activation of 
phospholipid signaling that results in the accumulation of phosphatidic acid 
(Anthony et al, 2004, 2006). It is possible that the localization of ROS signals 
in specific cellular sites is similar to that of Ca 2+ signals in response to stimuli 
(Coelho et al, 2002). A serine / threonine protein kinase (OXI1 ) has been shown 
to play a central role in ROS sensing and the activation of MAPK3 /6 by Ca 2+ 
(Rentel et al, 2004; Anthony et al, 2006). This kinase is also activated by 
PDK1 through the phospholipase C or D-phosphatidic acid (PLC/PLD-PA) 
pathway (Anthony et al, 2004, 2006). A MAPK cascade involving MAPK3/6 
acts downstream of OXI1 and controls the activation of different defense 
mechanisms in response to ROS stress (Kovtun et al, 2000; Apel and Hirt, 
2004; Mittler et al, 2004). The expression of different transcription factors 
is enhanced by ROS and includes members of the WRKY, Zat, RAV, bZIP, 
GRAS, and Myb families (Davletova et al, 2005; Gadjev et al, 2006; Kaminaka 
et al, 2006). The possible existence of positive amplification loops, involving 
NADPH oxidases, in ROS signaling has recently been suggested (Baxter- 
Burrell et al, 2002; Davletova et al, 2005; Torres et al, 2005). These loops might 
be activated by low levels of ROS and result in the enhanced production and 
amplification of ROS signals in specific cellular locations (Fig. 7.3, Color plate 
14). Although Oj and H2O2 have been considered to play a key role as ROS 
signal transduction molecules, recent studies pointed to the existence of l Ox- 
specific signaling pathways (Apel and Hirt, 2004; Danon et al, 2006). Taking 
into account the complex nature of the ROS gene network and its integration 
into the web of plant signaling networks (Fig. 7.1), we face a major challenge 
in dissecting the genetic network that controls ROS signaling in plants. 

7.6 Summary 

Although ROS were initially considered to be toxic byproducts of aerobic 
metabolism, in recent years it became obvious that plants can cope with ROS 
toxicity to the degree of using ROS as signal transduction molecules. ROS sig- 
naling was shown to be involved in the regulation of basic biological processes 
such as growth, development, and response to biotic and abiotic stimuli. ROS 
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signaling and ROS toxicity are kept in check by the ROS gene network of 
plants. This network includes ROS-scavenging and ROS-producing enzymes 
that modulate the level of ROS in cells (Tables 7.1 and 7.2; Fig. 7.1). Thus, the 
overall level of ROS is always kept under control and ROS are allowed to ac- 
cumulate and / or oscillate for the purpose of signaling in a highly controlled 
manner (Mittler et ah, 2004). This process is achieved by a tightly controlled 
balance between ROS production and ROS scavenging in the different cellular 
compartments. The interplay between ROS scavenging and production in the 
different cellular compartments, therefore, determines the intensity, duration, 
and localization of ROS signals and the decoding of these signals determine 
the plant's response, or developmental and/or growth adaptations (Fig. 7.1). 
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Abstract: Membrane lipids preserve the integrity of cells and organelles in a con- 
stantly changing environment. They modulate protein structure and function and 
can transduce signals from one side of the membrane to the other. For cells to sur- 
vive the lipid bilayer must maintain a dynamic flux as it responds and adjusts to 
both chemical and physical cues. Additional burdens are imposed by their sessile 
lifestyle as plants survive in a constantly changing environment. To understand 
how plants adjust to their environment it is essential that we understand how 
they respond and adjust to environmental cues by altering their lipid chemistry 
and biochemistry. In this chapter, we have focused on the plant-specific features of 
phospholipid and sphingolipid signaling. 

Keywords: lipid; phosphatidylcholine; phospholipid; phosphatidylinositol; sph- 
ingolipid; signaling 



8.1 Introduction 

When Gorter and Grendel first described the bilayer of lipids that defines the 
outer limits of red blood cells they would not have envisioned lipids as ideal 
sentries, both initiating and amplifying cell signaling (Gorter and Grendel, 
1925). We have come to appreciate that the "lipid world" both senses and 
communicates changes in the bilayer chemistry and physics. Plasma mem- 
brane lipids sense cues such as changes in pH, ionic strength, and tension and 
pressure that are initiated both on the inside and outside of the cell. 

Differences in the chemistry of lipids from different organisms (e.g., plants 
and animals) were identified early on, and the ability of plants to alter lipid 
chemistry (e.g., head group composition, fatty acid saturation etc.) as they ac- 
climated to changes in temperature and water availability is well documented 
(Levitt, 1980; Steponkus, 1984; Lynch and Steponkus, 1987; Thompson, 1989; 
Wada et al, 1990). Furthermore, biochemists noted some of the distinct 
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characteristics of the lipid metabolizing enzymes in plants. However, it was 
not until the advent of the genomic era that previously observed differences 
in kinetic properties of enzymes were accepted as plant-specific features and 
not the result of differences in lab protocols or secondary metabolites inter- 
fering with in vitro assays. Comparisons of DNA sequences provided firm 
evidence for distinct metabolic pathways. 

Comparative genomics also brought more interest in plant lipid-mediated 
signaling. For example, animal biologists recognized that phospholipase D, 
which they had once relegated to be a "cabbage enzyme of little interest" 
(Waite, 1987), was not only present in animals but also initiated important 
signaling cascades (Exton, 1997). The current challenges for plant biologists 
are to understand the significance of both the differences and similarities 
in plant and animal lipid-mediated signaling and to build a comprehensive 
model which describes the role of plant lipid-mediated signaling in regulating 
plant growth and development. 

In this chapter, we have focused on plant-specific aspects of the fundamen- 
tal biochemistry of phosphoinositide (PI) signaling, phospholipase D (PLD) 
signaling, and sphingolipid signaling. The reader is referred to recent reviews 
that discuss the comparative genetics of the plant and animal lipid signaling 
pathways (Drobak et al, 1999; Mueller-Roeber and Pical, 2002; Dunn et al, 
2004; Wang, 2004, 2005; Boss et al, 2006; Wang et al, 2006). For other pathways 
such as N-acyl phospholipids, phospholipase A2, and fatty acid signaling the 
reader is referred reviews from the laboratories of Chapman (1998; Shrestha 
et al, 2006), Ryu (2004), and Wang (2001, 2004, 2005). 

8.2 Plant-specific features of phosphoinositide signaling 

The canonical PI pathway in animal cells is initiated by phospholipase C 
(PLC) hydrolyzing phosphatidylinositol(4,5)bisphosphate (PtdIns(4,5)P2) to 
form inositol(l,4,5)trisphosphate (InsPs) and diacylglyceride. InsP3 releases 
calcium from endoplasmic reticulum stores and diacylglycerol (DAG) recruits 
and activates protein kinase C. In stimulated animal cells, PLC is recruited 
to the plasma membrane. Downregulation of PLC -mediated signaling will 
occur if the PLC is released from the membrane or deactivated and if InsP3 is 
either phosphorylated to Ins(l,3,4,5)P4 by an inositol phosphate (IP) 3-kinase 
or dephosphorylated to Ins(l,4)P2 by an IP 5-PTase. 

Early studies revealed major differences in plant and animal PI signal- 
ing. While the canonical inositol phospholipids were present (Fig. 8.1), InsP3- 
mediated calcium release from the ER and DAG-stimulated protein kinases 
have not been demonstrated (Boss and Massel, 1985; Boss; 1989; Drobak 
et al, 1999; Mueller-Roeber and Pical, 2002; Meijer and Munnik, 2003; Boss 
et al, 2006). Furthermore, although there is preponderance of inositol phos- 
phates and inositol phosphate phosphatases in plants, there is no evidence 
for an Ins(l,4,5)P3 3-kinase which in animal cells helps to terminate the 
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Figure 8.1 The key plant PI pathway intermediates. Solid arrows indicate where the 
function of the plant enzymes has been verified. Dotted arrows indicate predicted 
pathways. Abbreviations: InsP, inositol phosphate; IP PTase, inositol phosphate 
phosphatase; PLC, phospholipase C; DAG, diacylglycerol; DAGK, diacylglycerol kinase; 
PtdOH, phosphatidic acid; PtdlnsP, phosphatidylinositol phosphate; Ptdlns4P, 
phosphatidylinositol-4-phosphate; Ptdlns3P, phosphatidylinositol-3-phosphate; Ptdlns5P, 
phosphatidylinositol-5-phosphate; Ptdlns(4,5)P2, phosphatidylinositol-(4,5)- 
bisphosphate; PIPK, phosphatidylinositol phosphate kinase. 



Ins(l,4,5)P3 signal. In plants, Ins(l,4,5)P3 is phosphorylated by a 3/6 kinase 
to Ins(l,3,4,5,6)P 5 (Stevenson-Paulik et al, 2002; Raboy and Bowen, 2006) 
(Fig. 8.1). In addition, the plant inositol phosphate phosphatases are, for 
the most part, more promiscuous and less effective in dephosphorylating 
Ins(l,4,5)P3 than the mammalian enzymes (Drobak et al., 1991; Loewus and 
Murthy 2000; Perera et al, 2002; Zhong and Ye, 2004; Raboy and Bowen, 2006; 
Torabinejad and Gillaspy, 2006). 

When it comes to InsP3-mediated Ca 2+ signaling, it is quite possible that in 
addition to the vacuole, the mitochondria or chloroplast are the InsP3 /InsPx- 
sensitive internal calcium-sensitive stores in plants. Estimates indicate that 
mitochondria can store up to 60% of the cellular calcium in some plant cells 
(Subbaiah et al, 1998; Logan and Knight, 2003). Early Ins(l,4,5)P3 microin- 
jection studies show an increase in cytosolic calcium in regions surrounding 
chloroplast as well as the vacuole (Gilroy et al, 1990). Alternatively, the major 
InsP3-mediated ion flux maybe via plasma membrane InsPx-sensitive chan- 
nels (Lemtiri-Chlieh et al, 2000). 

Microinjection studies revealed that InsP3 calcium signaling in plants de- 
pended on extracellular calcium (Tucker and Boss, 1996). A requirement for 
extracellular calcium to propagate the InsP3-mediated calcium signal is sup- 
ported by recent studies of cells with altered levels of a plasma membrane 
Ca 2+ transporter (Tang et al, 2007). Whether the active InsPx is InsP3 or 
down stream metabolites such as InsPg as proposed by Lemtiri-Chlieh et al. 
(2000, 2003) and Ali et al. (2007) or InsP 4 as proposed by Zonia and Munnik 
(2004, 2006), the data make a compelling argument that PLC-mediated InsP3 
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biosynthesis either directly or indirectly affects calcium signaling and ion 
transport differently in plants compared to animals. 

8.2.1 Regulation of plant PtdlnsP 2 biosynthesis 

One of the first biochemical differences in plant and animal PI metabolism was 
the relatively low level of incorporation of myo [2- 3 H]inositol into PtdInsP2 
in vivo (Boss and Massel, 1985). This could have been the result of large 
pools of cold inositol; plants unlike most mammals synthesize inositol de 
novo (Loewus and Murthy 2000). However, 32 Pi-labeling studies resulted in 
similar low rates of 32 P incorporation into PtdInsP2- One could conclude from 
the in vivo studies that either there was rapid turnover mediated by PLC or 
PTases that kept the lipid intermediates low, or that there was a low rate of 
lipid biosynthesis. 

A clue as to what was regulating the biosynthesis of PtdInsP2 in vivo came 
from in vitro biochemical characterization of phosphatidylinositol lipid ki- 
nases. When Sandelius and Sommarin (1990) compared the lipid kinase ac- 
tivity from rat liver and plants, they revealed a 20-fold higher specific activity 
for the rat plasma membranes relative to soybean hypocotyl or wheat shoot 
plasma membranes. Furthermore, Augert et al. (1989) had shown that rat liver 
total lipid extracts had a 1:1 ratio of PtdlnsP and PtdInsP2 based on mass mea- 
surements and that the ratio in isolated plasma membrane was 1:10. These 
ratios were significantly different from the PtdlnsP to PtdInsP2 ratios (from 
the 10 to 20:1) reported for plants (Boss, 1989). 

Clearly, both the in vivo and in vitro data supported the hypothesis that 
phosphorylation of PtdIns4P by PtdIns(4)P 5-kinase (PIPK) was a flux limiting 
step in the plant PI pathway (Gross and Boss, 1993; Drobak et al., 1999; Perera 
et al., 2002). However, the PIPKs are low abundance proteins that are difficult 
to purify, and it was not until the genes encoding the enzymes were cloned and 
recombinant proteins produced that the differences in the enzyme kinetics 
could be confirmed (Perera et al., 2005; Im et al., 2007b). 

Comparative genomics has upheld many of the earlier hypotheses of differ- 
ences in plant and mammalian PI pathway enzymes. Scientists now are chal- 
lenged to consider the biochemistry of the plant-specific mechanisms of path- 
way regulation in order to understand how the PI pathway functions in planta. 

Kinetic analysis of two isoforms of GST (glutathione S-transferase) tagged 
recombinant Arabidopsis PtdlnsP kinases (AfPIPKl and AfPIPKlO) indicated 
that the plant enzymes were significantly less active (the V max /K m of 20- to 
200-fold less) when compared to GST-tagged type I human enzyme, HsPIPKIa 
(Perera et al., 2005). More recent data indicate that recombinant AfPIPK3 may 
be the most active Arabidopsis PIPK (Stenzel et al., 2008). While comparative 
kinetic analyses of AfPIPK3 with the human kinase have not been done, ex- 
pressing HsPIPKIa in tobacco cells resulted in a dramatic increase in PtdInsP2 
production and clearly demonstrated that none of the plant PIPKs had com- 
parable activity (Im et al., 2007b). The impressive differences in the PtdlnsP 
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kinase activities between the wild type and HsPJPJCIa-expressing cells are 
reminiscent of the comparative assays of rat liver and plant plasma mem- 
branes or microsomes (Sandelius and Sommarin, 1990; Gross and Boss, 1993), 
respectively. 

In vivo labeling studies of the HsP/PKJa-expressing cell lines confirmed that 
PtdlnsP kinase was flux limiting in wild type tobacco cells. Mass measure- 
ments indicated that the HsP/PKTa-expressing cells produced 13-fold more 
PtdInsP2 per gram fresh weight and thus had ample substrate (PtdIns4P) 
(Im et al, 2007b). The ratio of PtdlnsP to PtdInsP 2 decreased to 2:1 in the 
HsPIPKTa-expressing cell lines compared to 12:1 of the wild type cells and 
was much more comparable to the 1:1 ratio reported for rat liver (Augert 
et al., 1989). Furthermore, the unstimulated HsPJPJCia-expressing cell lines 
continuously produced 100-fold more InsP3 compared to unstimulated wild 
type cells based on the InsP3-binding assay (Im et al., 2007b). This synthetic 
system also confirmed that in plants, more InsPg would be synthesized in vivo 
as a result of increased InsP3 production. The fact that the tobacco cells sur- 
vived the continuous increased rate of PI turnover in the HsPIPKfa-expressing 
cell lines indicated that the cells had somehow compensated for the increased 
flux through the pathway. 

One impact of increasing the PI pathway flux in this system was an increase 
in respiration. 2ATPs are required to synthesize PtdInsP2 from PI. Potentially, 
three more ATPs could be required to make InsPg from InsP3. Thus, increas- 
ing PI signaling should in theory affect basal metabolic pathways as well as 
downstream signaling. This was observed in HsPJPJCia-expressing cell lines 
which depleted the sugar from the culture medium faster (Im et al., 2007b) 
and were smaller cells (Moran, unpublished results). A recent finding that 
AfPIPK9 co-precipitated with Arabidopsis cytosolic invertase and repressed 
invertase activity in vitro also suggests a connection between PtdlnsP kinase 
and energy demand (Lou et al, 2007). 

It is well established in animal cells that the PI pathway is very sensitive 
to inhibition of oxidative phosphorylation (Poggioli et al., 1983; Yeung et al., 
2006). In plants, this regulation may involve a change in distribution of the 
PIPKs. One might imagine that when A/PIPK9 is membrane bound and func- 
tional, invertase is more active and when AfPIPK9 is not on the membrane, 
and therefore, presumably less active, A/PIPK9 might associate with inver- 
tase. In vitro biochemical analyses of A/PIPK9 and its binding proteins are 
needed to test this hypothesis. 

Future studies of cell expressing HsPIPKIa should reveal the impact of in- 
creased PtdInsP2 on membrane channels and pumps and events downstream 
of the PI pathway. Undoubtedly, in such a constantly stimulated system com- 
pensatory changes will occur in order for cells to survive; however, important 
insights into the stimulated state will be forthcoming. For example, interme- 
diates which normally might be too low to be detectable might be elevated 
and pathways which might be transiently elevated in a stimulated cell should 
be dramatically increased. 
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Altering the flux in a signaling pathway either by pushing (increasing 
the signal) or pulling (dampening the signal) will provide quite different 
outcomes — each yielding important insights (Perera et ah, 2002; Im et ah, 
2007b). It has been hypothesized that the rate of flux through a pathway also is 
sensed by plants (Paul et ah, 2004). If this is true, then altering the flux through 
a signaling pathway may more closely mimic a stimulated ("pushed") or non- 
stimulated ("pulled") state than a more classical genetic approach where a 
disruption in the pathway results in a build up of up stream and complete lack 
of down stream intermediates. It is important with either approach to appreci- 
ate that when it comes to lipid-mediated signaling, discrete microdomains of 
lipids can regulate different, nonoverlapping functions within a membrane. 

8.2.2 Biochemical regulation of plant PIPKs 

Both in vivo and in vitro data make a compelling argument that PtdlnsP ki- 
nase activity is flux limiting in the plants compared to animal cells. It follows 
that the plant PIPKs must be different from the animal PIPKs and activity 
must be tightly regulated. There are at least two plant-specific structural fea- 
tures of the major subfamily of PIPKs (subfamily B) that are immediately 
evident based on sequence comparisons (Fig. 8.2). All subfamily B PIPKs 
contain membrane occupation recognition nexus (MORN) motifs in the N- 
terminus and a putative linker region between the N-terminal MORN motifs 
and the C-terminal catalytic domain (Mueller-Roeber and Pical, 2002). Each of 
these features contributes important regulatory features to the plant PIPKs. 
Table 8.1 summarizes some of the features of two representative AfPIPKs, 
AiPIPKl of subfamily B and Af PIPK10 of subfamily A, compared to HsPIPKIa. 

The MORN motifs are most intriguing. These motifs are found in proteins 
involved in membrane fission and fusion (Takeshima et ah, 2000; Shimada 
et ah, 2004; Gubbels et ah, 2006). Of all organisms studied thus far, the only 
PIPKs that have MORN motifs are those found in plants. Whether this is some- 
thing was lost from the animal signaling pathway or something gained by 
plants because the lipids need to be made in close proximity to fusion/fission 
regions of the membrane remains to be determined. The N-terminal MORN- 
containing domain of AfPIPKl will bind to yeast (Ma et ah, 2006) and plant 
plasma membranes (Im et ah, 2007b) suggesting that it may be important for 
membrane targeting. 

The MORN domain, however, seems to do more than just target the en- 
zyme. It binds PtdOH and is essential for PtdOH activation (Im et ah, 2007a). 
One model suggests that when PtdOH binds the MORN domain, a confor- 
mational change in the linker region opens up the active site and thereby 
increases enzyme activity (Im et ah, 2007a). Through these studies another 
unusual feature of the AfPIPKl was noted. Unlike most animal PIPKs that 
are product inhibited, AfPIPKl is product activated. Such a feature along 
with the propensity of the MORN motifs to bind PtdInsP2 would favor 
the creation of PtdInsP2 microdomains similar to those generated by the 
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^ Kinase homology domain 
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Figure 8.2 There are 1 1 putative type I AtPtdlnsP 5-kinases in Arabidopsis arranged in 
two subfamilies based on size. Subfamily B contains AtPIPKI-9, all of which contain 
membrane occupation and recognition nexus (MORN) repeats and a proline-enriched 
linker region. The MORN domain of ,4rPIPK1 is essential for PtdOH activation, which 
involves a conformational change in the linker region (Im et al., 2007a). The linker region 
of /UPIPK1 also is essential for F-actin binding (Davis er al., 2007). /UPIPK1 0-1 1 are in 
subfamily A with molecular weights less than that of the members of subfamily B and 
contain no MORN repeats. 



myristoylated alanine-rich C kinase substrate (MARKS) proteins (Wang 
et al, 2002; Zhang et al, 2003). 

If the plant-specific PIPKs were stimulated, the creation of regions with 
large negatively charged head groups such as PtdInsP2 would enhance mem- 
brane curvature. There should also be selective clustering of PtdInsP2 con- 
taining unsaturated fatty acids to fill hydrophobic regions as the hydrophylic 
region of the bilayer expands. Whether this would favor membrane protru- 
sions, vesicle formation or vesicle fission (Sun et al, 2007) remains to be seen. 
To our knowledge there are no MARKS analogues in plants. Perhaps the 
PIPKs are dual-function proteins that generate lipid signaling microdomains 
as well as lipid-derived second messengers. This would make them the ul- 
timate in "PIP-modulins," PtdInsP2 modulating proteins (Mclaughlin and 
Murray, 2005). 

The MORN domain is necessary for PtdOH activation and can bind to 
membrane lipids; however, the linker region of AtPIPKl is essential for 
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Table 8.1 Biochemical differences in plant and mammalian PIPKs 
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binding to actin (Davis et al, 2007). This means that PIPKs such as AfPIPKl 
could directly link the actin cytoskeleton to membrane lipids and potentially 
to PtdInsP2 microdomains. In contrast, mammalian PIPKs are connected to 
the cytoskeleton through a scaffold of actin-binding proteins (Yang et ah, 2004) . 
Direct binding provides plants with immediate input to the actin cytoskeleton 
but may reduce "fine control" of cytoskeletal structure that could be conveyed 
through the multiple actin binding proteins found in mammalian systems. 
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One of the proteins that AfPIPKl recruits to F-actin is Af Ptdlns 4-kinase (31 
(AfPMKpi) (Davis etal, 2007). AfPI4K|31 could supply substrate, PtdIns4P, for 
the PtdlnsP kinase. Presumably, AfPIPKl would be less active when bound 
to actin and become activated when associated with membrane lipids such as 
PtdOH. It is possible that AfPI4K|31 recruits A£PIPKl-F-actin to the RabA4b 
vesicles rather than visa versa (Preuss et ah, 2004, 2006). The exact function of 
this plant-specific connection between the cytoskeleton and PtdInsP2 biosyn- 
thesis is a new and exciting avenue for investigation. 

Even when some mechanisms of regulation of the PIPKs are similar at a 
biochemical level, the cell biology in plants and animals can be quite differ- 
ent. For example, in response to hyperosmotic stress, PIPK activity increases 
in both plants and animals (Heilmann et ah, 1999; Pical et ah, 1999; Dewald 
et ah, 2001; Yamamoto et ah, 2006). However, in HeLa cells, hyperosmotic 
stress results in activation of the human type I PIPKji by dephosphoryla- 
tion and redistributed of the enzyme from the soluble fraction to the plasma 
membrane (Yamamoto et ah, 2006). In plants, the B-subfamily of PIPKs can 
also be activated by dephosphorylation (Westergren et ah, 2001), but PtdInsP 2 
and PtdlnsP kinase activity decrease in the plasma membrane as a result 
of hyperosmotic stress and PtdlnsP kinase activity increases in intracellular 
membranes or a lower phase fraction isolated by 2-phase partitioning (Im 
et ah, 2007a). It is not known if the differences in targeting and distribution 
of the PIPKs in plants and animals are a result of differences in cell growth 
(Heilmann et ah, 2001), lipid binding, or protein-protein interactions, but a 
change in distribution will certainly produce different outcomes in terms of 
mediating PI signaling as well as membrane biogenesis. 

8.2.3 PI metabolism and vesicle trafficking 

Much of the data on plant PI metabolism supports a role for PI metabolism 
in mediating vesicle trafficking. The type III Ptdlns 3-kinase (PI3K), which is 
the only type of PI3K identified in plants, was first characterized as a vac- 
uolar sorting protein (Vps34) in yeast. There is only one gene encoding PI3K 
in plants. Pharmacological studies suggest that the plant Ptdlns 3-kinase is 
important for vesicle trafficking to the plant vacuole as well (Matsuoka et ah, 
1995; Jung et ah, 2002). Increased activity and expression of PI3K in nitrogen 
fixing nodules is consistent with an increase in membrane biogenesis (Hong 
and Verma, 1994), but it could also indicate changes in transcription. PI3K was 
localized to the putative transcription initiation sites in plant nuclei (Hendrix 
et ah, 1989; Bunney et ah, 2000). Aside from one report of the soybean lipid 
transfer protein (Sshl) increasing PI3K activity (Monks et ah, 2001), little is 
known about how this lipid kinase is regulated in plant cells and nothing is 
known about its interacting partners. This is an area where more extensive 
biochemical studies will surely yield important insights. 

Phenotypes of plants with mutations or genetic alterations in other PI 
pathway enzymes are most prevalent in tip growing or elongating cells 
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where the impact of altering vesicle trafficking would be most evident. While 
PtdInsP2 biosynthesis is essential for both pollen and root hair growth, too 
much PtdInsP2 can inhibit growth indicating that turnover is important (Kost 
et al, 1999; Zhong et al, 2004; Williams et al, 2005; Dowd et al, 2006; Helling 
et al, 2006). 

A common theme in studies of tip growing cells is a need for F-actin- 
mediated vesicle trafficking. Insights into the mechanisms involved were re- 
vealed by Preuss et al. who showed that RabA4b containing vesicles bound to 
PI4KJ3 and that both proteins were necessary for actin-mediated trafficking of 
Golgi-derived vesicles in root hairs (Preuss et al, 2004, 2006). Other evidence 
supporting PI lipids and Golgi-derived vesicle trafficking in plants comes 
from studies of the PtdIns5P/PtdIns(4,5)P 2 -binding protein Patellinl (PATL1) 
(Peterman et al., 2004). PATL1 contains both a Secl4 lipid binding domain and 
Golgi dynamics domain (GOLD) and is essential for cell plate formation dur- 
ing cytokinesis. Another Golgi protein required for normal growth, SAC1, is 
functional as a PtdIns(3,5)P2 phosphatase. A mutation in SAC1, which mis- 
targets the protein but does not affect its function as a lipid PTase, results 
in decreased cell length and aberrant shapes in fiber cells, pith cells, and tri- 
chomes (Zhong et al., 2005). While the exact mechanisms are not known, these 
examples support a role for the lipids and /or lipid metabolizing enzymes in 
Golgi-mediated vesicle trafficking. Furthermore, the differences in the phe- 
notype of the SAC family mutants argue for nonoverlapping roles of the lipid 
PTases and support a model for discrete microdomains of lipids within the 
membrane (Zhong et al, 2004; Williams et al, 2005). 

Pollen tubes are a popular system for studying the PI pathway in vivo 
(Franklin-Tong et al, 1996; Zonia and Munnik, 2004, 2006; Dowd et al, 2006; 
Helling et al, 2006). The first report of a role of the PI pathway in pollen 
tubes indicated that overexpressing RAC increased PtdInsP2 biosynthesis and 
resulted in tip swelling (Kost et al, 1999). It appears that RhoGAP is essential 
for the subcellular localization of RAC and normal tip growth (Helling et al, 
2006). Increasing PtdInsP2 by inhibiting PLC-mediated turnover of PtdInsP2 
also inhibits normal pollen growth and leads to swelling (Dowd et al, 2006; 
Helling et al., 2006). These experiments make a compelling argument for the 
need for PtdInsP2 turnover for normal tip growth; however, they have yet to 
reveal the cause of the tip swelling. While there are many potential reasons 
for the swollen phenotype, a simple explanation is that a thin cell wall such as 
was found in FRA3 mutants (Zhong et al., 2004), would be weaker and have 
a tendency to swell under positive turgor pressure. 

If the turnover PtdinsP2 is essential for membrane fusion/ fission and vesi- 
cle trafficking, then identifying the endogenous PIPKs, PLCs, and InsPx me- 
tabolizing enzymes involved and monitoring their distribution will be es- 
sential to understand how growth is controlled. With regard to the PIPKs, 
the genomic data bases indicate that the smaller A-type subfamily of PIPKs 
(PIPK10/11) as well as some of the B-type PIPKs (PIPK4, PIPK5, PIPK6) 
are expressed in pollen (https://www.genevestigator.ethz.ch/, Becker et al, 
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2003). PIPK3 appears to be most prevalent in roots (Stenzel et ah, 2008 and 
Kusano et al, 2008); however, we know little about how these enzymes are 
regulated. 

If PtdInsP2 is essential for pollen growth, are the PIPKs selectively activated 
as tip growth is initiated? Actin-mediated vesicle trafficking is important for 
normal pollen tube growth. If the A-type family of PIPKs, e.g., AfPIPKll, are 
functioning during tip growth, is this because unlike AtPIPKl, the PIPKs of 
the A-subfamily do not bind actin directly? If some of the pollen PIPKs bind 
actin through a protein scaffold, this may favor more fine control of filament 
formation through the complex of actin binding proteins. Also, it is possi- 
ble that the plant-specific PIPKs such as AfPIPKl normally suppress vesicle 
trafficking in plants and that non-actin binding isoforms such as AfPIPKlO 
and AfPIPKll or a member of the FAB family of PIPKs (PtdIns3P 5-kinases) 
are essential for rapid vesicle trafficking. Clearly, more information regarding 
the cellular and subcellular distribution of the PIPKs and their biochemical 
regulation is needed to understand their role in tip growing cells. 

Finally, if PtdInsP2 and the PIPKs are essential for tip growth, what is the 
source of PtdIns4P? It is possible that PI4K(31 /2, which produces the PtdIns4P 
in RabA4b-associated Golgi-derived vesicles (Preuss et ah, 2006) also produces 
the plasma membrane pool of PtdIns4P. There is a large pool of PtdIns4P in 
plants relative to PtdInsP2 and presumably PtdIns4P is essential for plant 
membrane structure and function. PI4Kal will associate with an F-actin frac- 
tion, and thus could also be important for tip growth or as argued above, it 
may be that the actin-binding lipid kinases may not be prevalent where there 
is rapid vesicle trafficking. PI4Kal is product inhibited and PI4K|31 is product 
activated (Stevenson-Paulik et al., 2003). These differences imply that PI4K|31 
would be more important for generating high levels of PtdIns4P. This would 
be consistent with the hypothesis that PI4KJ31 has a major function in vesicle 
trafficking (Preuss et al., 2006). 

Virtually nothing is known about the putative type II PI4Ks(7 1-8) in plants 
(Mueller-Roeber and Pical, 2002). The type II family of PI4Ks is thought to 
be essential for PI signaling in some systems (Minogue et al., 2001; Wei et al., 
2002; Guo et al., 2003). At least five of the putative Arabidopsis PI4Ks contain 
ubiquitin-like domains and are more likely involved in protein degradation 
than lipid signaling (Galvao et al., 2008). More extensive studies of the plant 
PI4Ks, their subcellular localization, and regulation are needed. 

Furthermore, because the ratio of PtdIns4P to PtdIns(4,5)P2 is 10- to 20-fold 
higher in plants than animals, it is essential to consider the impact of PtdIns4P 
as a lipid regulator. That is, PtdIns4P is relatively abundant and could bind 
and regulate membrane-associated proteins. When the PIPKs are activated 
and PtdIns4P is converted to PtdIns(4,5)P2, would this release PtdIns4P bind- 
ing proteins and derepress growth? In addition, little is known about the 
metabolism of PtdIns4P by PLC or PTases. A more complete understanding 
of PtdIns4P binding proteins is essential to understand how plants utilize 
inositol phospholipids to regulate growth. 
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8.2.4 Regulation of PtdlnsP 2 metabolism by PLC 

We know that plant PtdInsP2-PLCs are calcium regulated and that struc- 
turally they are most similar to the £ family of animal PLCs and lack a PH 
domain (Hunt et ah, 2004), but little is known about how or when they bind 
to membranes or what scaffold of interacting proteins they form in vivo. 
Early biochemical studies indicated that the activity was membrane associ- 
ated (Melin et ah, 1992). Studies of pollen expressing GFP-PLC constructs 
indicate punctuate distribution of GFP fluorescence throughout the pollen 
tube including the subapical region of the plasma membrane (Dowd et ah, 
2006). While there is no doubt that the PLCs would bind the membrane when 
activated, to understand how they are regulated, it is essential that we under- 
stand the subcellular distribution of the endogenous proteins. 

In the classical animal signal transduction scheme, a localized change in 
Ca 2+ is propagated throughout the cell and to neighboring cells via the solu- 
ble second messenger InsP3. Propagation of the InsP3 signal from cell to cell 
in plants was shown to require extracellular calcium (Tucker and Boss, 1996). 
These data are consistent with the in vitro biochemical studies indicating cal- 
cium activation of PLC (Hunt et ah, 2004). Many of the early experiments used 
mastoparan or mas-7 to purportedly activate G-proteins, but it is important to 
appreciate that these amphiphilic peptides will increase the uptake of extra- 
cellular calcium. Removing extracellular calcium eliminates the mastoparan 
effect on InsP3-induced calcium signaling and will even prevent mastoparan- 
induced cell death (Galanopoulou et ah, 1995). Many of these and other earlier 
studies led to the false assumption that there might be G-protein regulation 
of PLC in plants (Munnik et ah, 1996); however, there is no biochemical or 
genetic evidence to support this hypothesis. Hopefully, future biochemical 
studies of the PLCs will characterize more of the plant-specific features of 
this family of enzymes. 

8.2.5 Regulation of PtdlnsP 2 metabolism by inositol 
polyphosphate PTases 

Several of the plant inositol 5-phosphatases characterized to date can hy- 
drolyze both lipid substrates and soluble inositol phosphates and are therefore 
not specific for InsP3 hydrolysis (Ercetin and Gillaspy, 2004; Zhong et ah, 2004; 
Torabinejad and Gillaspy, 2006). Mutants identified through mutant screens 
have subtle developmental phenotypes and sensitivity to growth regulators 
such as ABA (Berdy et ah, 2001 ; Burnette et ah, 2003; Carland and Nelson, 2004; 
Zhong et ah, 2004, 2005; Torabinejad and Gillaspy, 2006). Except for a few stud- 
ies (Peterman et ah, 2004; Zhong et ah, 2005), little is known about the subcel- 
lular localization and regulation of these enzymes (Torabinejad and Gillaspy, 
2006). FRA3 gene is highly expressed in Arabidopsis vascular tissues and fiber 
cells and encodes a type-II inositol polyphosphate (IPP) 5-phosphatase. Bio- 
chemical characterizations of FRA3 (Zhong et ah, 2004) indicate that FRA3 
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would hydrolyze either InsP3 or PtdInsP2 depending on the reaction con- 
ditions. These data and others characterizing the substrate specificity of the 
IPP PTases have revealed important mechanisms for fine-tuning PI pathway 
intermediates. 

One of the challenges in using IPP PTase mutants to study the pathway 
is that the InsPs that build up can be phosphorylated to produce additional 
signaling molecules. The impact of InsPxs on plant metabolism is an area that 
needs more research (Stevenson-Paulik et ah, 2005; Raboy and Bowen, 2006; 
Zonia and Munnik, 2006). InsPxs are prevalent in plants and could travel 
between cells (Tucker and Boss, 1996; Raboy and Bowen, 2006; Zonia and 
Munnik, 2006). As such, the InsPxs could provide a wealth of information for 
fine-tuning plant growth and development. One example as yet not explored 
in plants, is the observation that InsPg regulates mRNA transport from the 
nucleus in yeast (Odom et ah, 2000). Although the genetics of InsPs in plants is 
different from yeast (Raboy and Bowen, 2006), the fact that seeds store InsPg 
and metabolize it during germination gives the plant a plethora of InsPxs to 
transmit developmental signals. 

In addition to InsPg being an important means of storing phosphate in 
seeds, it is now well accepted that InsPg and potentially InsPy and InsPs 
might be important signaling molecules (Shears, 1998, 2001) and can serve as 
a source of phosphate for ATP biosynthesis (Phillippy et ah, 1994; Raboy et ah, 
2000; Raboy and Bowen, 2006). 

Because InsP6 can be synthesized from Ins(l,4,5)P3 in plants (Im et ah, 
2007b), one has to question whether earlier microinjection studies were mea- 
suring the impact of InsP3 or InsP6 on guard cell closure or tip growth (Gilroy 
et ah, 1990; Franklin-Tong et ah, 1996; Zonia and Munnik, 2006). Further- 
more, Zonia showed that in pollen the signal encoded by inositol 3,4,5,6- 
tetrafa'sphosphate [Ins(3,4,5,6)P4] antagonized pollen tube growth, induced 
cell volume increases, and disrupted Cl~ efflux (Zonia and Munnik, 2004). 
These effects were specific for Ins(3,4,5,6)P4 and were not mimicked by either 
Ins(l,3,4,5)P4 or Ins(l,3,4,5,6)P5. The data further complicate the interpreta- 
tion of the role of the PI pathway in pollen tube growth. In addition, it is 
not known how tip-focused calcium channels impact PI turnover or inositol 
phosphate production and InsP4-sensitive chloride channels in these rapidly 
growing structures. 

It is quite clear that separating lipid signaling from inositol phosphate sig- 
naling in vivo is a challenge. To understand the role of the PI pathway in even 
the most tractable tip growing system, robust isoform-specific antibodies to 
the pathway enzymes are needed to identify and localize the proteins in situ. 

8.2.6 Nuclear PI signaling in plants 

Nuclear PI signaling is well documented in animals and yeast (Irvine, 2003; 
Gonzales and Anderson, 2006). It has been known for some time that cal- 
cium oscillations in plant nuclei are asynchronous with the cytosolic calcium 
signaling suggesting a nuclear signaling pathway (Pauly et ah, 2000). Lipid 
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kinases and inositol phospholipids have been reported in plant nuclei (Hen- 
drix et al., 1989; Bunney et al., 2000); however, little is known about the regula- 
tion or the impact of the PI pathway on chromatin structure or nuclear function 
in plants. In yeast and animals, PI metabolism has been linked to mRNA ex- 
port (Odom et al, 2000) and chromatin remodeling (Cheng and Shearn, 2004). 
One of the most dramatic examples of the functional requirements of the path- 
ways enzymes is the embryonic lethal PIPK (skittles) mutation that results in 
hypercondensation of chromatin in Drosophila (Cheng and Shearn, 2004). 

In plants, there is good evidence for both Ptdlns 3-kinase and Ptdlns 4- 
kinase activity is isolated nuclei (Hendrix et al., 1989; Bunney et al., 2000); 
however, the data for PtdlnsP kinase activity are less convincing. This may 
result from the low-specific activity of the plant PIPKs because [ 3 H]PtdInsP2 
was recovered from isolated nuclei (Hendrix et al., 1989), and recent data 
suggest that AfPIPK9 will localize to the nucleus (Lou et al., 2007). It is not 
clear from the Af PIPK9 data whether GFP or GFP-peptides were being imaged 
and there were no biochemical data confirming the presence of a functional 
recombinant enzyme. Clearly, more work needs to be done to identify the PI 
pathway enzymes in plant nuclei and to delineate their roles in regulating 
karyo kinesis or DNA synthesis. 

Karyokinesis and cytokinesis involve extensive membrane fusion and vesi- 
cle trafficking. It is highly likely that PtdlnsP or PtdInsP2 and PI metabolism 
is involved in nuclear membrane restructuring during karyokinesis. 

Another exciting areas of investigation are the nuclear PtdlnsP- and 
PtdInsP2-binding proteins. Transcription factors such as PHD domain- 
containing proteins are potential lipid binding proteins. Virtually nothing 
is known about the role of the negatively charged inositol phospholipids or 
of the Pis /PI binding proteins in regulating transcription and translation in 
plants. 

One is reminded of the fact that the first report of changes in PI metabolism 
by the Hokins was a serendipitous discovery when they precipitated RNA 
from stimulated cells (Hokin and Hokin, 1953). The similar chemistries of 
sugar phosphate containing lipids and nucleotides may make them ideal 
bedfellows. 

8.2.7 When it comes to signaling, can plants sense flux? 

There is evidence that flux alone can be sensed by plants. Somewhat serendipi- 
tously, Paul etal. (2004), noticed that when they grow seedlings at low pressure 
and the seedlings transpire rapidly, even though the seedlings have plenty of 
water and never wilt, the transcript profile indicates a response characteristic 
of water loss. That is, transcripts that would have been induced by drought 
are elevated. Their explanation was that under low pressure there was a very 
rapid flux of water through the seedlings, and that this rapid flux was sensed 
as lack of water and induced drought-responsive transcripts. 

We do not know whether plants sense the turnover of the lipids or sim- 
ply the second messengers produced, but as indicated above, it is likely that 
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both are important and that in a living cell, both are constantly being sensed. 
PtdInsP2 is rapidly being turned over even in resting cells and both transient 
and prolonged increases (15 min to several hours) in InsP3 have been doc- 
umented in response to gravi-stimulation and osmotic stress (Dewald et al., 
2001; Perera etal.,2006). 

A synthetic approach to test the impact of the InsP3 signaling on down- 
stream responses was undertaken by Perera et al. (2006). Expressing the ex- 
tremely active and highly specific, plasma membrane localized human type-I 
InsP 5-PTase in plants dampened the InsP3 signal. Constitutive expression of 
the human InsP 5-PTase driven by the 35S promoter had no effect on growth 
under optimal conditions indicating that at normal levels of InsP3 were not 
essential for growth or development. However, as predicted, the transgenic 
plants expressing the human InsP 5-PTase had a compromised gravitropic 
response (Perera et al., 2006) and compromised Ca 2+ signaling (Perera, un- 
published results). The simple interpretation of these data is that because a 
component of the gravity sensing mechanism (the input from the InsP3 sig- 
nal) was removed, the sensing mechanism was less robust, and therefore, the 
response delayed. If so, would other responses to stress (such as drought) be 
delayed as well and would this make the plants more or less susceptible to 
the stimulus, e.g., drought? These are intriguing questions that will hopefully 
be answered in the near future. 

With such a complex signaling pathway it is difficult to determine which 
metabolite is necessary and sufficient to mediate a response. When it comes 
to flux, one must also consider the rate of turnover of the inositol lipids. If we 
accept that PtdlnsP and PtdInsP2 can be ligands as well as generating second 
messengers, then every time the lipids turn over, the activity of the proteins 
to which they are bound will be affected. For example, ATPases, PLDs, actin 
binding proteins, or transcription factors would directly respond to the rate of 
PtdInsP2 turnover. Thus, in addition to analyzing InsPx signaling, we must 
consider lipid-mediated signals and in order to build predicted models of 
integrated signaling networks and better understand the dynamics of plant 
PI signaling. 

8.2.8 Challenges for studying PI metabolism in plants 

A hallmark of the pathway is the specificity with which the polyphosphory- 
lated inositol phospholipids and inositol phosphates are recognized by en- 
zymes and receptors within cells. To be biologically relevant, in vivo and in 
vitro data must meet this criterion. Studies of calcium-regulated K + channels 
by InsPg are impressive for this reason. While both scylo-lnsPf, and myo-InsPg 
were tested only myo-InsPg affected channel activity (Lemtiri-Chlieh et al., 
2000). 

One should also appreciate that the lipids by virtue of their very negatively 
charged head groups are relatively labile especially at neutral pH. Because 
of cell wall lipases and lipid stability, it is difficult to obtain interpretable 
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results when adding lipids to whole cells. Adequate controls are essential to 
distinguish between effects of metabolites versus intact lipids. Furthermore, 
the inhibitors commonly used to study this pathway can have multiple effects, 
and adequate controls are essential to begin to interpret the results (Boss 
et ah, 2006). Neomycin, for example, interacts with the slow vacuolar channel 
(Scholz-Starke et al., 2006) and will bind to the cell wall inhibiting the uptake of 
positively charged molecules (Cho et al., 1995), making it difficult to interpret 
results when it is added exogenously as an inhibitor of the PI pathway 

Not only are the lipid head groups specifically recognized but recent data in- 
dicate that selective pools of polyunsaturated fatty acids identify the plasma 
membrane signaling PtdInsP2 that responds to hyperosmotic stress (Konig 
et al., 2007). When plants were exposed to hyperosmotic stress, a pool of 
Ptdlns enriched in unsaturated fatty acids selectively refilled the PtdInsP2 
pools and the downstream lipids (DAG and PtdOH). The concept of dis- 
crete, nonoverlapping functions of the polyphosphorylated inositol lipids, 
and inositol phosphates is also supported by molecular genetic studies (for 
review see Boss et al., 2006; Raboy and Bowen, 2006; Torabinejad and Gillaspy, 
2006; Zonia and Munnik, 2006). These data make a compelling argument that 
adding lipids or inositol phosphates to whole cells cannot replicate in vivo 
signals. 

Approaches to studying the lipids in vivo have involved visualizing lipid 
domains or endogenous enzymes with GFP-fusion peptides and proteins. 
Plants present their own challenges with regard to imaging because of their 
morphology and autofluorescence (Doughman et al., 2003; Vermeer et al., 2006; 
Balla, 2007), but even in animal cells interpreting expression patterns of GFP- 
fusion proteins can be equivocal (Doughman et al., 2003; Vermeer et al., 2006; 
Balla, 2007). Combining the cell biological studies with biochemical analy- 
ses and electron microscopy detection of endogenous proteins is essential to 
interpret the data in a biologically relevant manner. Thus, while molecular 
genetic studies have led to important insights, until nanocameras become 
available so that one undertakes a virtual tour inside a cell and visualize the 
inner workings in real time, combinatorial approaches will be required to 
identify the scaffold of interacting proteins and connect PI signaling to other 
known metabolic pathways within the cell. 



8.3 Phospholipase D signaling 

8.3.1 Plant intracellular phospholipases 

Phospholipases produce various lipid and lipid-derived messengers, such 
as phosphatidic acid (PtdOH), lysophospholipids (lysoPLs), free fatty acids, 
diacylglycerol (DAG), and inositol 1,4,5 trisphoshates [Ins(l,4,5)P 3 ] (Wang, 
2004). The activation of phospholipases often occupies a critical and early 
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phosphatidylcholine; PtdEtn, phosphatidylethanolamine; PtdGro, phosphatidylglyerol; 
PtdlnsP 2 , phosphatidylinositol bisphosphate; PtdSer, phosphatidylserine. 



step in a specific signaling cascade. Phospholipases are grouped into four ma- 
jor classes, phospholipase D (PLD), phospholipase C (PLC), phospholipase 
A2 (PLA2), and phospholipase Aj (PLAi), according to the site of hydroly- 
sis of glycerophospholipids (Fig. 8.3a). Within each class, the enzymes can be 
further divided into families or subfamilies accordingly to their sequence sim- 
ilarities, biochemical properties, and biological functions (Wang, 2001; Hoik 
et al, 2002; Ryu, 2004; Nakamura et al, 2005). Distinct differences exist in the 
occurrence and functions of various phospholipases between plants and ani- 
mals. Such differences for PtdInsP2-PLC are highlighted in the earlier section. 
In addition, plants contain another family of PLCs, nonspecific PLCs that use 
common membrane lipids, such as phosphatidylcholine (PtdCho) and phos- 
phatidylethnolamine (PtdEtn) as substrate. Some of the nonspecific PLCs 
are implicated in phospholipid / galactolipid remodeling in plant response to 
phosphorus deficiency (Nakamura et al., 2005). These enzymes are also po- 
tentially important in producing DAG and PtdOH in cell signaling (Fig. 8.3b). 
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The molecular identity of the intracellular PLA2 remains elusive in plants. 
In mammalian cells, intracellular PLA2 consists of two major types: Ca 2+ - 
dependent PLA 2 (cPLA 2 ) and Ca 2+ -independent PLA 2 (iPLA 2 ). cPLA 2 plays 
a key role in releasing fatty acids for the production of oxylipins in mammals, 
but no cPLA 2 -like enzyme has been found in plants. By comparison, plants 
have many patatin-like enzymes, some of which share sequence similarities 
to iPLA 2 (Wang, 2001; Hoik et al, 2002). However, patatin-like enzymes are 
better characterized as acyl hydrolases because they utilize phospholipids 
and galactolipids as substrates and do not show particular preference for 
sn-2 position (La Camera et al, 2005; Yang et ah, 2007). AtPLAI from the Ara- 
bidopsis genome that is most similar to mammalian iPLA 2 is an acyl hydrolase 
displaying preference to oxygenated galactolipids (Yang et ah, 2007). Unique 
to plants is the presence of high amounts of galactolipids in plastids that har- 
bor the majority of polyunsaturated fatty acids, such as 16:3 and 18:3, used 
for oxylipin biosynthesis. In addition, the production of oxylipins can be- 
gin with 16:3 and 18:3 esterified to phospholipids or galactolipids (Buseman 
et ah, 2006; Yang et ah, 2007). These properties underlie a fundamental differ- 
ence in the fatty acid release and oxylipin biosynthesis between plants and 
animals. However, the identification of in vivo substrates and products of an 
acyl-hydrolyzing enzyme is challenging because the substrate selectivity of 
lipolytic enzymes determined in vitro is strongly influenced by substrate pre- 
sentation. Thus, intracellular surroundings, membrane environments, and in 
some cases, heterooligomerization can affect catalytic activity and substrate 
selectivity. 

PLD constitutes a major phospholipase family in plants. PLD was once 
regarded as a "plant enzyme" because its activity is readily detectable in 
plant tissues. Because of its high activity, the status of PLD as an enzyme in 
plants was even once doubted. Now we know that the common PLD activity 
in Arabidopsis comes primarily from only one of a rather complex family of 
PLDs (Wang, 2004; Wang et al, 2006). Plants contain more genes and types 
of PLDs than animals do, and different PLDs and their derived PtdOH are 
involved in a wide range of signaling processes in plant growth, development, 
and stress response (Wang et ah, 2006). 

8.3.2 Molecular and biochemical heterogeneity of the 
PLD family 

The Arabidopsis genome has 12 identified PLD genes that are grouped into 
six classes: PLDa(3), (3(2), y(3), 8, e, £(2) (Wang, 2004; Wang et al, 2006). 
Ten of the 12 PLDs (as, |3s, 7s, 8, and e) contain the C2 domain, which is a 
Ca 2+ -dependent phospholipid binding structural fold found in many proteins 
involved in signaling, membrane trafficking, and lipid metabolism. The C2- 
PLDs are unique to plants, and the number of C2-PLDs tends to increase in 
other plant species, such as 13 C2-PLDs identified in rice. By comparison, the 
two PLD£s have N-terminal phox homology (PX) and pleckstrin homology 
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(PH) domains, and two PX/PH-PLDs have also been identified in rice and in 
mammals. Some of the PLDs also contain a G protein-interacting, DRY motif 
and a polybasic PI(4,5)P2-binding motif (Zhao and Wang, 2004). The presence 
of these different regulatory motifs provides insights to the different modes 
of activation and functions of PLDs. In addition, individual PLDs can differ in 
the key amino acid residues in these motifs. In some cases, these differences 
have been shown to underlie a structural basis for their different biochemical 
and regulatory properties (Zheng et ah, 2000). 

PLDal, (31, ys, 8, and £ have distinguishable requirements for Ca 2+ , 
PtdInsP2, and free fatty acids (Wang, 2005; and references therein). A recent 
study on PLD7 1 and 7 2 reveals that the two highly homologous PLDs have 
distinctively different biochemical and molecular properties and thus may 
have unique regulations and distinguishable functions (Qin et ah, 2006). De- 
tailed analyses of PLD(3 show that both Ca 2+ and PtdInsP2 bind to the regu- 
latory C2 domain and the catalytic regions of PLD. Ca 2+ binding to the two 
regions differentially affects the interaction of the enzyme with PtdIns(4,5)P2 
and its substrate PC, regulating the membrane association and catalysis of 
PLD, respectively (Pappan et ah, 2004). Besides the above cof actors, PLDs 
also directly interact with proteins. Arabidopsis PLDal binds to GDP-bound 
GPA1, the Ga subunit of the heterotrimeric G-protein in Arabidopsis through 
the DRY motif and the binding inhibits the PLD activity (Zhao and Wang, 
2004). PLDa also binds to cardosin A, an RGD-containing aspartic proteinase, 
through its C2 domain (Simoes et ah, 2005). On the other hand, PLD(3 is 
found to bind to actin filaments, whereas PLDS binds to microtubule cy- 
toskeleton (Kusner et ah, 2003). These different molecular interactions indicate 
that individual PLDs are tightly controlled in the cell and can be activated 
differentially. 

In addition, PLDs display varied substrate preferences. C2-PLDs hydrolyze 
PC, PE, and PG more efficiently than other lipids, but the preference varies 
among the enzymes (Wang, 2005; and references therein). However, PX/PH- 
PLD uses PC as substrate. Thus, activation of individual PLDs could result in 
the hydrolysis of distinct phospholipids in the cell. PLDs also exhibit unique 
and overlapping patterns of subcellular association and gene expression. The 
differences in activation, substrate preferences, gene expression, and subcel- 
lular location play an important role in regulating the spatial and temporal 
hydrolysis of membrane lipids and the production of PtdOH. On the other 
hand, PLDs also have overlapping biochemical activity and expression pat- 
terns. These features contribute to the biochemical and molecular basis for 
the distinguishable and overlapping functions of the individual PLDs. 

8.3.3 Diverse functions of different PLDs 

PLDs have been implicated in various processes during plant growth, devel- 
opment, and stress responses. These include effects of PLDs on root growth, 
nodulation, pollination, drought, freezing, salinity, nutrient deficiency, and 
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plant-pathogen interactions (Wang, 2005; Bargmann and Munnik, 2006; Wang 
et ah, 2006; and references therein), and recently on floral abortion (Boyer and 
Mclaughlin, 2007) and photosensitivity (Kabachevskaya et ah, 2007). Analy- 
sis of plants altered in specific PLDs has documented unique functions for 
several PLDs. PLDal and its derived PtdOH decrease transpirational wa- 
ter loss by mediating ABA-promoted stomatal closure (Mishra et ah, 2006). 
Comparison of transcriptomes between PLDal-deficient Arabidopsis mutants 
revealed distinct sets of gene regulated by PLDal under drought stress (Mane 
et ah, 2007). PLD8 is involved in reactive oxygen species (ROS) response and 
cell death to enhance plant stress tolerance, such as freezing (Li et ah, 2004). 
PLDfi is implicated in defense responses (Bargmann et ah, 2006). PLD^l is a 
target of the GLABRA! transcriptional factor and is proposed to regulate root 
hair initiation and patterning (Ohashi et ah, 2003). PLDl,2 participates in the 
regulation of vesicle cycling as well as auxin transport and distribution (Li 
and Xue, 2007). PLDt,2 and £2 are involved in primary root growth and lipid 
remodeling in response to phosphorus deficiency (Cruz-Ramirez et ah, 2006; 
Li etah, 2006a). 

The fact that alteration of a PLD leads to a phenotype demonstrates that 
individual PLDs have unique functions. In some cases, two different PLDs 
may have opposite roles in the regulation of a physiological process, such 
as in the case of PLDal and PLDS regulation of freezing tolerance and seed 
aging (Li et ah, 2004; Devaiah et ah, 2007). Such effects can be caused, at least 
in part, by the different roles of PLDs in membrane degradation and cell 
signaling. However, different PLDs may also have overlapping and additive 
functions, which have been shown by recent analyses of PLDt, single and 
double knockouts (Li et ah, 2006a,b). In addition, PLD[,s have metabolic and 
signaling roles, depending upon the severity of phosphorus deficiency. PLDl, s 
promote primary root growth under moderate phosphorus limitation (Li 
et ah, 2006a), but they hydrolyze PC to supply phosphorus and diacylglyc- 
erol moieties for galactolipid synthesis during severe phosphorus starvation 
(Li et ah, 2006b). 

Although detailed mechanisms by which PLDs mediate plant functions 
are not well understood, a series of recent results have provided interest- 
ing mechanistic insights into how a specific PLD regulates plant functions. 
In stomatal response to ABA, PLDal is activated and generates PtdOH. Pt- 
dOH recruits the ABI1 PP2C (ABA insensitive protein phosphatase 2C) to the 
plasma membrane and prevents its translocation to the nucleus (Zhang et ah, 
2004). This interaction inhibits the negative effect of ABI1 on ABA signaling 
and promotes stomatal closure (Mishra et ah, 2006). The activation of PLDal 
might be mediated by a recently identified ABA receptor GCR2, a G-protein- 
coupled receptor (Grill and Christmann, 2007; Liu etah, 2007). GDP-bound Ga 
binds to and inhibits PLDal activity, whereas GTP-bound Ga destabilizes the 
Ga-PLDal interaction (Zhao and Wang, 2004). Thus, activation of G protein 
leads to an increase in PLDal activity and, indeed, diminishing the PLDal 
binding to Ga renders plants more sensitive to ABA and decreases water loss 
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(Mishra et al., 2006). The results indicate that PLD serves as a critical node in 
assembling regulatory proteins in signaling cascades. 

8.3.4 Phosphatidic acid as a class of pivotal messengers 

PLDs can mediate cell functions via different modes of action, depending 
upon the nature of stimuli and the severity of stresses (Wang et ah, 2006). 
One key function of PLD is to produce the lipid mediator PtdOH. PtdOH 
is a minor membrane lipid, constituting less than 1% of total phospholipids 
in plants. However, cellular levels of PtdOH in plants are dynamic, increas- 
ing rapidly under various conditions, including chilling, freezing, wounding, 
pathogen elicitation, dehydration, salt, nutrient starvation, nodule induction, 
and oxidative stress (Bargmann and Munnik, 2006; Wang et al., 2006). The 
rise is transient, and PtdOH can be removed by multiple reactions, such as 
dephosphorylation to DAG, phosphorylation to DAG-pyrophosphate, and 
deacylation (Fig. 8.3b). In addition, PtdOH is composed of different molecu- 
lar species due to the variation in two fatty acyl chains, and different molecular 
species differentially affect the interactions of PtdOH with proteins (Zhang 
et al., 2004; Wang et al, 2006). Moreover, the location and timing of PtdOH 
production, as dedicated by differential activation, expression, and cellular 
locales of individual PLDs, are important to its signaling function. 

PtdOH has been reported to bind to various proteins, including transcrip- 
tional factors, protein kinases, lipid kinases, protein phosphatases, and pro- 
teins involved in vesicular trafficking and cytoskeletal rearrangement (Huang 
et al., 2006; Wang et al., 2006; and references therein). No obvious consensus 
sequence motifs for PtdOH binding are identified, but a common feature is 
the requirement of positively charged amino acid residues for PtdOH bind- 
ing. Lysine and arginine residues enhance the charge of PtdOH via form- 
ing hydrogen bonds with the phosphate of PtdOH (Kooijman et al., 2007). 
The electrostatic /hydrogen bond switch has been proposed to stabilize the 
protein-lipid interaction and to make the phosphate of PtdOH an effective 
docking site for positively charged protein domains to interact with mem- 
branes (Kooijman et al, 2007). In the case of the ABI1 PP2C, Arg72 is criti- 
cal to the PtdOH binding, whereas mutation of the two adjacent two basic 
residues (RK) has no effect on PtdOH binding (Zhang et al., 2004). This indi- 
cates that, in addition to the electrostatic interactions, a specific structural fold 
is required for a PtdOH-effector protein interaction. However, no structure 
for a PtdOH-bound, functional form has been determined for any protein. 

One important mode of action by PtdOH is to tether or recruit proteins to 
membranes. Signal transduction, vesicular trafficking, and many other critical 
cellular functions are initiated by the assembly of cytosolic protein complexes 
to specific sites in cellular membranes. Great advances have been made over 
the past decade in the understanding of how proteins are recruited to the lipid 
surface of membranes. Binding to lipid ligands is required for the recruitment 
and / or regulation of many cytosolic proteins. Lipid mediators, PtdInsP2 and 
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phosphoinositide 3-phosphates, are produced in response to specific stimuli 
and bind to effector proteins at specific structural folds, such as PH, PX, and 
FYVE domains. Examples for the membrane-tethering function of PtdOH 
include animal Raf-1 (Ghosh et ah, 2003) and yeast transcriptional repressor 
Opilp (Loewen et ah, 2004). In plant response to ABA, PtdOH recruits ABI1 to 
the plasma membrane and decreases the translocation of ABI1 from cytosol 
to the nucleus (Zhang et ah, 2004). 

PtdOH can also directly modulate the activity of its effector enzymes. The 
modulation can be activation or inhibition, depending upon the target pro- 
teins (Wang et ah, 2006; and references therein). In plants, PtdOH binds to the 
phosphoinositide-dependent protein kinase 1 (PDK1) and activates the PDK1 
and AGC2-1 kinases (Anthony et ah, 2004). In contrast, PtdOH decreases ABI1 
PP2C activity and is also a potent inhibitor of animal protein phosphatase 1 
0ones and Hannun, 2002). The different effects of PtdOH on protein phos- 
phatases and kinases have led to an intriguing hypothesis: PLD and PtdOH 
play an important role in the homeostasis of protein phosphorylation by con- 
certed regulation of kinases and phosphatases in a specific signaling response 
(Wangef ah, 2006). 

The modulation of enzymatic activity and protein functions should also 
be considered in the context of tethering and recruiting proteins to the mem- 
branes. The basal level of PtdOH in plant cells, 50-150 |xM, is considerably 
above a phospholipid's critical micelle concentration, which is in the sub- 
nanomolar range (Wang et ah, 2006). Above the critical micelle concentration 
of a lipid, the concentration of lipid monomer is constant, independent of 
the total concentration of the lipid. Thus, the accumulation of PtdOH above 
the critical level during cell activation affects the concentration of membrane- 
associated, but not monomeric PtdOH. This suggests that PtdOH binding to 
target proteins occurs at the membrane, but not in solution. 

8.3.5 Challenges and perspectives for studying 

phospholipase-mediated signaling in plants 

The current understanding of phospholipase functions in plants is still at 
an early stage. One complication is that these enzymes have multifaceted 
functions. For instance, in addition to signaling, activation of PLD may al- 
ter membrane lipid composition and result in membrane deterioration. The 
effect is influenced by the nature of stimuli, severity of stresses, and tissues 
involved, as shown with PLDctl in Arabidopsis (Mishra et ah, 2006; Devaiah 
et ah, 2007). In addition, PtdOH may be involved in cellular processes through 
different modes of action. Besides protein binding as described above, PtdOH 
can alter membrane structures and serve as a substrate for the production of 
other lipid regulators, such as lysoPtdOH, free fatty acids, DAG, and DAG- 
pyrophosphate (Wang et ah, 2006). Furthermore, PtdOH can be produced by 
other enzymes, such as PLC hydrolysis followed by DAG kinase (Fig. 8.3b) 
(Bargmann and Munnik, 2006; and references therein). Other lipid mediators, 
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such as lysophospholipids, free fatty acids, and DAG can also result from mul- 
tiple enzymatic reactions. Discerning the role of lipid mediators and specific 
lipid signaling reaction has also been confounded by the cross-talk among 
different lipid signaling processes. 

Given the above complications and the multiple members of a phospho- 
lipase family the study of specific genes and enzymes involved in the pro- 
duction of lipid mediators and cellular function is critical to understanding 
lipid signaling. Current findings suggest that the location and timing of lipid 
mediator production are tightly regulated by different enzymes (Wang, 2005; 
Wang et al., 2006; and references therein). A combination of sensitive biochem- 
ical and metabolic analyses with genomic manipulation of genes should be 
effective to unveil the functions of lipid signaling. These enzymes are integral 
parts of various regulatory cascades in plant growth, development, and stress 
responses. Appreciation of the differences and similarities between plants and 
animals will help the investigation and understanding of lipid signaling. 

8.4 Sphingolipid signaling 

Sphingolipids are present in virtually all eukaryotic cells and have been 
demonstrated in animals and fungi to serve as structural components of mem- 
branes and as participants in signaling pathways involved in cell regulation 
(reviewed in Dunn et al, 2004; Taha et al, 2006; Cowart and Obeid, 2007). Al- 
though sphingolipids were detected in plants in the 1950s, and identified as 
significant components of the plasma membrane, tonoplast and endomem- 
brane system of plant cells 20 years ago (reviewed in Lynch and Dunn, 2004), 
our understanding of the function of these lipids in plants, especially in regard 
to signaling, is meager. While recent studies have implicated sphingolipids in 
various processes in plants, there is a paucity of mechanistic details regarding 
their interacting partners or targets. However, increasing convergent interest 
in plant sphingolipid biology, the availability of A. thaliana mutant lines with 
disrupted sphingolipid metabolism and signal pathways, and methods to an- 
alyze sphingolipid profiles and metabolic activities should stimulate progress 
in the near future. 

8.4.1 Plant sphingolipids 

Sphingolipids are defined by the presence of a sphingoid long-chain 
base (LCB). Typically, the LCB sphinganine, synthesized from serine and 
palmitoyl-CoA, is acylated on the amino group giving rise to ceramide (Cer), 
which is subsequently modified in plants by addition of glucose or inositol 
phosphate (which in turn can be further glycosylated) to give rise to the com- 
plex sphingolipids glucosylceramide (GlcCer) and glycosylated inositolphos- 
phorylceramide (GIPC) that serve as membrane components. LCB derived 
from the breakdown of complex sphingolipids and/or from biosynthetic 



Lipid-Mediated Signaling ■ 225 



reactions can be phosphorylated, generating long-chain base-l-phosphate 
(LCBP), the substrate for a lyase that degrades the LCBP and is the sole 
known route for the destruction of sphingolipids. The structures of these 
sphingolipids and the enzymatic steps involved in their turnover are shown 
in Fig. 8.4. A more detailed view of the sphingolipid pathway including 
up-to-date information about the A. thaliana genes encoding the individual 
enzymes, can be found at http://www.plantsphingolipids.org/. The sphin- 
golipids most commonly reported to play roles in signaling in eukaryotes 
include LCB, LCBP, and Cer. It is noteworthy that plants display consider- 
ably greater heterogeneity in their LCB profiles than do either yeast or animals 
(Napier et al., 2002), but sphingosine (4-frans sphingenine), the LCB prevalent 
in many animal sphingolipids and commonly used in studies because of its 
commercial availability, is virtually absent in plants. Recent advances in ex- 
traction methods and mass spectrometry have permitted detailed analyses of 
sphingolipids from A. thaliana (Markham et ah, 2006; Markham and Jaworski, 
2007). A typical analysis shows that GIPC, GlcCer, Cer, LCB, and LCBP con- 
stitute approximately 64%, 34%, 2%, <1%, and <0.1%, respectively, of leaf 
sphingolipid, proportions consistent with their respective proposed roles. 

8.4.2 Sphingolipids and signaling 

The discovery that sphingosine is a potent inhibitor of protein kinase C 
(Hannun et al, 1986) fostered subsequent research on the role of sphingolipids 
in signal transduction and regulation in mammalian cells and yeast that 
continues to the present (Taha et al., 2006; Cowart and Obeid, 2007). The 
sphingolipids most intensively studied in mammalian cells include sphin- 
gosine, sphingosine-l-phosphate (SIP), and Cer. As a gross generalization, 
sphingosine may stimulate growth at lower concentrations but can be toxic 
or promote cell death at higher concentrations (Merrill, 2002); Cer tends to 
inhibit cell proliferation and promote apoptosis (Pettus et ah, 2002; Zheng 
et ah, 2006) and SIP tends to stimulate cell proliferation (Spiegel and Milstien, 
2003; Taha et al., 2006). Thus, Cer and SIP have opposing, even antagonistic, 
roles and sphingosine is the metabolic intermediate linking the two, since 
ceramide synthase and ceramidase catalyze the interconversion of sphingo- 
sine and Cer, while sphingosine LCB kinase and LCBP phosphatase catalyze 
the interconversion of sphingosine and SIP (Fig. 8.5). These bioactive sphin- 
golipid molecules are derived from the hydrolysis of complex sphingolipids, 
especially sphingomyelin, but some sphingolipid signaling molecules may be 
generated biosynthetically in mammals (Merrill, 2002). Yeast produce only 
saturated LCBs so, as with plants, are devoid of sphingosine, but produce 
sphinganine and phytosphingosine (4-hydroxysphinganine). In yeast, LCB 
and LCBP have been implicated in cell cycle regulation and, along with Cer, 
in the response to heat stress (Dickson and Lester, 2002; Obeid et al., 2002; 
Cowart and Obeid, 2007). Phytosphingosine specifically appears to promote 
protein phosphorylation events involved in growth, cell wall integrity, stress 
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Figure 8.5 A representation of the plant sphingolipid metabolic pathway displaying 
the enzymatic interconversions. Enzymatic steps modifying long-chain bases and 
amide-linked acyl chains via hydroxylation and/or desaturation (not shown) are thought 
to utilize ceramide, glucosylceramide, or inositolphosphorylceramide as substrate, but 
acyl-chain elongation precedes ceramide formation, and the hydroxylation of free 
sphinganine has been demonstrated. Inositolphosphorylceramide is thought to be the 
precursor to complex glycophosphosphingolipids but the glycosyltransferases presumably 
required have not been identified, nor has the glucosylceramidase or IPC-specific 
phospholipase C responsible for catabolism of complex sphingolipids, so these reactions 
are not shown. In addition to free sphinganine (d1 8:0) and 4-hydroxysphinganine (tl 8:0, 
phytosphingosine), other long-chain bases present in plants include cis and trans isomers 
of 8-sphingenine (dl 8:1 ), 4,8-sphingadienine (dl 8:2), and 4-hydroxy-8-sphingenine 
(t18:1). Enzyme abbreviations: CERase, ceramidase; CK, ceramide kinase; GCS, 
glucosylceramide synthase; IPCS, inositolphophorylceramide synthase; KSR, 
3-ketosphinganine reductase; LCBK, long-chain base kinase; LCBPL; long-chain 
base-phosphate lyase; LCBPP, long-chain base-phosphate phosphatase; SAT, sphinganine 
acyltransferase; SH, sphinganine hydroxylase; SPT, serine palmitoyltransferase. 



resistance, and ageing (Liu et ah, 2005). These signaling sphingolipids in yeast 
apparently are derived primarily from biosynthetic reactions rather than the 
breakdown of complex lipids (Jenkins and Hannun, 2001; Obeid et ah, 2002; 
Cowart and Hannun, 2007). 

8.4.3 Sphingolipid signaling in plants 

While relatively few reports have focused on bioactive sphingolipids in 
plants, several studies have implicated sphingolipids in signaling and regu- 
lation. Free LCBs apparently have diverse effects on plants, although in many 
of the published studies the effects cannot be unambiguously attributed to 
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LCBs since the levels of related molecules, including LCBP and Cer, were 
not monitored. Studies of plant-pathogen interactions have implicated dis- 
ruption of sphingolipid synthesis in programmed cell death (PCD) as part of 
the hypersensitive response associated with plant defense. The fungal tox- 
ins fumonisin Bi and AAL-toxin are LCB analogs that inhibit sphinganine 
acyltransferase activity resulting in an accumulation in plant tissues of sph- 
inganine and 4-hydroxysphinganine (Abbas et ah, 1994; Wright et ah, 2003) and 
their phosphorylated intermediates (Lynch et ah, unpublished), and promote 
plant necrosis (Tanaka et ah, 1993) and PCD in tissues and protoplasts (Wang 
et ah, 1996; Asai et ah, 2000). The response to these toxins appears complex, 
involving the participation of the ethylene, jasmonate, and salicylate signal- 
ing pathways (Asai et ah, 2000), but microarray results demonstrated that 
AAL toxin does not significantly alter the expression of any of the included 
sphingolipid genes (Gechev et ah, 2004). The tomato Ascl gene, involved in ce- 
ramide synthesis and conferring AAL-toxin resistance, permits sphingolipid 
synthesis and prevents long-chain base accumulation in tissues exposed to 
toxin (Brandwagt et ah, 2000, 2002; Spassieva et ah, 2002). In sensitive tomato 
plants, AAL-toxin prevents ceramide (and complex sphingolipid) synthesis, 
resulting in the accumulation of LCB and death. But if long-chain base syn- 
thesis (serine palmitoyltransferase) is simultaneously inhibited, LCB accu- 
mulation is prevented and the toxic effects of AAL-toxin are at least partially 
blocked (Spassieva et ah, 2002). As well, overexpression of Ascl in sensitive 
plants confers resistance to infection (Brandwagt et ah, 2002). These results 
suggest that LCB may play important regulatory/ signaling roles in plant de- 
fense, and elevated levels in plant tissues promote cell/ tissue death. It must 
be reiterated, however, that in the above studies LCBP levels were not deter- 
mined, thus the pathologies cannot be attributed unequivocally to elevated 
LCBs per se. Indeed, evidence from mutant lines of A. thaliana suggests that 
the fumonisin-induced accumulation of LCBPs (possibly, specific species of 
LCBP) is associated with death. That is, mutant lines lacking the sole LCBP 
lyase exhibit hypersensitivity to fumonisin Bi and a greater accumulation of 
LCBP in comparison to treated wild type tissues, while mutant lines lacking 
any one of the three identified LCB kinases are resistant to the toxin (Lynch 
et ah, unpublished). 

Additional evidence implicating LCBs in signaling and regulation was pro- 
vided by a knockout in A. thaliana of the ACD11 gene that results in increased 
PCD and defense (Brodersen et ah, 2002). It was demonstrated that the gene 
product encodes a putative sphingosine LCB transfer protein. Further stud- 
ies are needed to better define the specific function of this protein and its 
sphingolipid LCB specificity in order to understand its role in programmed 
cell death and defense pathways. Nevertheless, if actual disruption of LCB 
transfer is responsible for the mutant phenotype, it suggests that the cellu- 
lar localization of specific sphingolipids may be significant in promoting cell 
death and other sphingolipid-influenced processes. 
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A role for Cer in mediating the effects of AAL-toxin exposure was sug- 
gested by the partial rescue of AAL-toxin-treated tomato leaves by exoge- 
nous ceramide application (Brandwagt et ah, 2000). While this does not seem 
consistent with the proposed role for LCBs (or LCBPs) described above, it 
was suggested that the relative levels (or ratio) of LCB and Cer may consti- 
tute a switch, triggering PCD (Spassieva et ah, 2002). Such a "rheostat model" 
has been proposed to operate in animal cells for LCBP and Cer (Spiegel and 
Milstien, 2003; Taha et ah, 2006). While this merits testing in plants as well, 
it should include an assessment of the contribution of LCBPs to the rheostat. 
As well, testing of the rheostat hypothesis should also take into account the 
levels of specific species of LCB, LCBP, and Cer, in light of recent studies in- 
dicating that accumulation of C24 ceramide species induces cell cycle arrest 
in MCF-7 breast cancer cells while C16 ceramide accumulation is associated 
with apoptosis (Marchesini et ah, 2004). 

As with mammalian systems, Cer has been implicated in mediating cell 
death in plants (Liang et ah, 2003; Townley et ah, 2005). A. thaliana acd5 mu- 
tants deficient in Cer kinase activity are more sensitive to added Cer, accu- 
mulate endogenous Cer (kinase substrate), are more susceptible to pathogen 
infection, and undergo apoptotic-like cell death late in development. These 
results point to a role for Cer in promoting PCD in plants and demonstrate 
a role for the ACD5 encoded Cer kinase activity in modulating Cer levels in 
the plant cell. However, it is unclear whether the sole role of Cer kinase is to 
convert and sequester Cer, or whether Cer-l-phosphate also functions in sig- 
naling/ cell regulation as demonstrated in mammalian cells where it activates 
phospholipase A2 (Pettus et ah, 2004). As well, open questions pertaining to 
the fate of Cer-l-phosphate remain: Is there a specific phosphatase capable of 
dephosphorylating Cer-l-phosphate as demonstrated in brain (Shinghal et ah, 
1993), or is Cer-l-phosphate used in some as yet uncharacterized pathway? 
Consistent with the above results, Townley and colleagues demonstrated that 
exogenous short-chain Cer induces PCD in A. thaliana suspension cultures 
(Townley et ah, 2005). Treatment with Cer was accompanied by the genera- 
tion of a calcium transient and an increase in ROS. Inhibition of the calcium 
transient was found to prevent cell death, whereas inhibition of ROS had no 
effect on cell survival. These observations suggest that calcium signaling, but 
not generation of ROS, is involved in ceramide-induced PCD. 

A role for SIP in guard cell signaling and stomatal closure has been investi- 
gated (Ng et ah, 2001; Ng and Hetherington, 2001; Coursolet ah, 2003). SIP was 
identified in lipid extracts from C. communis and increases in SIP content ac- 
companied drought stress (Ng et ah, 2001). Stomatal closure occurred follow- 
ing incubation of leaf epidermal strips with exogenous SIP whereas incuba- 
tion with sphinganine-l-phosphate did not have such an effect, suggesting the 
significance of the A4 double bond in signaling, although phytosphingosine- 
1-phosphate can also function in signaling stomatal closure (Coursol et ah, 
2005). It was found that SIP influences calcium mobilization in guard cells 
and incubation with an inhibitor of sphingosine LCB kinase attenuates the 
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stomatal response to added abscisic acid (ABA) (Ng et ah, 2001; Ng and Het- 
herington, 2001). 

This role for SIP in the ABA signaling pathway leading to reduction of 
guard cell turgor was further investigated in A. thaliana (Coursol et ah, 2003), 
where it was found that LCB kinase activity is transiently stimulated by ABA, 
and inhibition of kinase activity (using inhibitors of the mammalian kinase) 
diminishes the stomatal response to ABA treatment, as found for C. communis. 
Exogenous SIP is capable of influencing guard cell behavior (both inhibition 
of stomatal opening and promotion of closure) via inhibition of K + influx and 
stimulation of anion efflux in wild type plant protoplasts but not in protoplasts 
from knockout plants lacking the heterotrimeric G-protein ct-subunit, provid- 
ing evidence that the G-protein is downstream of SIP in the ABA signaling 
pathway (Coursol et ah, 2003) (see Chapter 2 on heterotrimeric G proteins). 

Sphingosine and SIP are virtually absent in plants, so while exogenous 
SIP may act as a signal molecule, it is doubtful that it is the endogenous 
signal. However, phytosphingosine-l-phosphate can influence guard cell be- 
havior similar to SIP (Coursol et ah, 2005). Since phytosphingosine is rela- 
tively abundant in plant tissues (it and sphinganine are the prevalent free 
LCBs) and it serves as a substrate for the three plant LCB kinases (Coursol 
et ah, 2005; Imai and Nishiura, 2005; Tsegaye et ah, unpublished), it is likely 
that phytosphingosine-l-phosphate, rather than SIP, is the LCBP species in- 
volved in a guard cell signaling pathway. 

Cumulatively, the above studies support the contention that LCBPs can in- 
fluence stomatal behavior, but the nature of the interaction between LCBP and 
the G-protein as well as the identification of the components of the pathway 
leading from ABA to changes in stomatal aperture need to be investigated 
further, especially given the recent identification of the ABA receptor as a 
G-protein-linked receptor (Liu et ah, 2007). For example, the location of the 
putative LCBP receptor merits investigation: that exogenous LCBPs can elicit 
stomatal closure suggests that LCBP must be either transported into the cell 
to reach an intracellular target, or act through a receptor /binding protein on 
the cell surface. If a surface receptor for LCBP exists, then internally generated 
LCBP (in response to ABA) would need to be exported. In mammals, SIP has 
been reported to act as both a ligand for certain G-protein-coupled receptors 
at the plasma membrane and as an intracellular second messenger (Payne 
et ah, 2002; Spiegel and Milstien, 2003). The identification of a plant LCBP 
receptor, including its location and specificity (and affinity) for LCBP, would 
improve our understanding of this signaling pathway and its contribution to 
stomatal behavior in plants. 

Although SIP is thought to stimulate proliferation in mammalian cells 
(Spiegel and Milstien, 2003), and a role for LCBP in "re-entering" the cell 
cycle following heat stress-induced arrest in yeast has been suggested (Jenk- 
ins and Hannun, 2001), such a role for LCBP in plants has not been demon- 
strated. While the responses to fumonisin described above suggest that LCBP 
hyperaccumulation is lethal, a basic understanding of the effects of physiolog- 
ical concentrations of LCBP is lacking. The report of G protein involvement in 
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cell proliferation in A. thaliana (Ullah et ah, 2001) and the evidence from guard 
cell studies (above) suggesting that the G-protein a-subunit is downstream of 
LCBP in signaling stomatal closure leads to the suggestion that LCBPs may 
influence plant cell proliferation (Chalfant and Spiegel, 2005). 



8.4.4 Conclusion and a provocation 

Looking ahead, the initial studies reviewed here suggest that sphingolipid 
signaling in plants merits further investigation, and that there are many 
questions yet to be answered before a coherent understanding of plant sph- 
ingolipid function can be realized. Moving forward, there are insights from 
studies of mammalian and yeast sphingolipid signaling that will be useful 
in understanding plant signaling, and yet there should not be any expecta- 
tion that specific aspects of sphingolipid signaling in plants will conform to 
models developed in other organisms. Many seemingly contradictory results 
exist in the literature regarding the specific effects attributed to certain sphin- 
golipids in yeast, mammalian cells, and plants. It is not always clear whether 
these differences are the result of biological plasticity as a consequence of 
developmental stage or environmental factors, or arise from differences in 
experimental methods (e.g., methods of supplying exogenous sphingolipids 
or inhibitors). In either case, they suggest a high level of complexity in the 
signaling pathways. For example, there is increasing evidence that the actual 
ratio of LCBP to Cer (the rheostat) is not sufficient to dictate PCD. Assuming 
it exists at all, could the rheostat "sense" the ratio of only certain molecular 
species of LCBP or Cer, or could it sense several different types of sphin- 
golipids (e.g., LCB, LCBP, Cer, and Cer-l-phosphate)? In the same vein, could 
the flux through certain parts of the sphingolipid metabolic pathway, i.e., the 
rate of interconversion of the sphingolipids and not the static levels in the cell, 
somehow be sensed by the rheostat? Is the intracellular location of specific 
sphingolipids crucial to signaling in the plant cell? Evidence indicating that 
Cer generated in the mitochondria promotes apoptosis in MCF-7 cells but 
Cer generated in other cellular compartments does not (Birbes et al., 2001) 
suggests that the location could be important. At another level, how might 
different cell/ tissue types (e.g., guard cell, mesophyll cell, vascular tissue, 
epidermis) be influenced differentially by sphingolipid signals, and does this 
impact how we interpret results using entire leaves or roots? Finally, consid- 
ering future studies of sphingolipid signaling networks in plants, it is evident 
that the identification of the targets of specific sphingolipid signals will be a 
critical area of research. In animal cells, several target proteins of Cer, includ- 
ing the protease cathepsin D and protein phosphatase 2 A, and of sphingosine, 
including sphingosine-dependent kinase 1 and PKC, have been implicated in 
promoting PCD (reviewed in Taha et al., 2006). At present, no protein target of 
any sphingolipid signal has been identified in plants. In this post-genomic era, 
the enhanced ability to identify candidates that may function as sphingolipid 
targets should accelerate progress in this area. 
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8.5 Summary 

Membrane lipids and lipid metabolizing enzymes provide discrete sensors 
that report a constantly changing environment while maintaining membrane 
integrity. Innovative approaches being developed both in the lab and in sil- 
ico will enable future scientists to visualize the dynamic lipid world. It will 
be exciting to see this knowledge used to improve plant survival and crop 
productivity in marginal environments. 
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Abstract: The plant cytoskeleton governs plant cell morphogenesis and it is com- 
posed of microtubules and actin filaments, and a plethora of associated proteins 
that serve to anchor, cross-bridge, or otherwise regulate this fibrous network. 
These associated proteins are involved in competitive and/or cooperative inter- 
actions within cells to adjust the dynamics and organization of the cytoskeleton. 
These associated proteins are often stimulus responsive and are effectors of sig- 
naling cascades. This system has evolved so that normally sedentary plant cells 
can respond to developmental and environmental cues in order to proliferate 
and grow, to maximize energy production, to take up nutrients from the soil, 
to reproduce, and to protect from pathogen invasion. In all these cases the cy- 
toskeleton has to respond to signals and reorganize so that cells can divide and 
expand, generate organelle movement, polarize cell growth, and thicken the cell 
wall. This chapter will describe the main players in the control of cytoskeletal 
organization in plant cells and explain their involvement in signal transduction 
cascades. 
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9.1 Actin cytoskeleton 

The actin network is key to many essential cellular functions. It transports 
vesicles and organelles such as Golgi stacks and chloroplasts. It is essential 
for cell expansion and for aspects of cell division such as the positioning of 
the division spindle and the guidance of the growing cell plate. Consequently 
many aspects of plant biology are affected by the plant actin cytoskeleton: 
fertilization through pollen tube extension down the style, hormone trans- 
port due to the recycling of membrane-associated transporters, photosyn- 
thesis in respect to the movement of chloroplasts, and also management 
of the transpiration stream in the opening and closing of stomata. In play- 
ing these roles the actin network has to be able to respond to internal and 
external signals. These signals are transmitted through cascades that affect 
a catalogue of actin-binding proteins that either nucleate, cross-link, tether, 
or otherwise modulate monomer/ polymer dynamics. Most of the work in- 
volving studies on actin dynamics and signaling to the actin cytoskeleton 
has been done using the model cell types: the intercalary growing trichomes 
and the tip growing cell root hairs and pollen tubes. As trichomes and root 
hairs are not essential cell types these are excellent models for studying plant 
cell growth genetically. Pollen tubes on the other hand offer relatively facile 
micromanipulation. 

In this section progress on the inclusion of known actin-binding proteins 
in signaling cascades and the different modes of regulation will be discussed. 
For further background in this area also see Hussey et al. (2006) and Staiger 
and Blanchoin (2006), and for a description of the roles of Rho of Plants on 
actin (ROPs) see Chapter 3 in this book. 

9.2 Actin nucleation 



9.2.1 The Arp2/3 complex 

The Arp2 / 3 complex nucleates actin by promoting barbed-end actin assembly 
while capping the pointed end. The complex attaches itself to the flanks of 
existing filaments and initiates a new F-actin branch at an angle of 70° relative 
to the parent filament. The Arp2 / 3 complex consists of seven subunits: Arp2, 
Arp3, ArpCl/p41, ArpC2/p31, ArpC3/p21, ArpC4/p20, and ArpC5/pl6 
(Higgs and Pollard, 2001). Homologues of all Arp2/3 complex subunits are 
present in plants (Mathur et al., 2003b). 

The Arp2 / 3 complex can be activated by several proteins a few of which are 
conserved in plants, including the components of the SCAR/ WAVE complex 
(Deeks et al., 2004). The SCAR/ WAVE complex is an effector of Rac cytoskele- 
tal reorganization in animals and protists. It is composed of five proteins: 
PIR121, NAP125, ABI, SCAR/WAVE, and HSPC300. SCAR/WAVE control of 
the Arp2 / 3 complex is used principally for cell motility in animal cells, but 
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plant cells do not move so it is intriguing that such a pathway exists in plants 
especially as it is also absent from yeast genomes. 

In the mammalian lamellipodium pathway for cell motility DOCK180 GEF 
activity is induced when complexed with ELMO. This activates Racl which 
binds the PIR121 subunit of the SCAR/ WAVE complex. In vitro, the induced 
conformational change in this complex can cause the release of an HSP300- 
WAVE subcomplex which is capable of activating the ARP2 / 3 complex. In 
vivo, it has been proposed that Racl recruits the complete complex to the 
lamellipodium leading edge to regulate Arp2 / 3 complex activity (for review 
see Deeks and Hussey, 2005). 

Yeast 2-hybrid assays and in vitro pull down experiments have demon- 
strated binary interactions between the plant protein homologues that are 
equivalent to those characterized in the mammalian complex (Basu et ah, 
2004, 2005; El-Assal Sel et al, 2004; Frank et al, 2004; Zhang et al, 2005; Uhrig 
et al, 2007). One member of the putative plant complex, PIR121, binds the 
active form of ROP2 (Basu et al, 2004) while plant SCAR can activate the 
Arp2/3 complex in vitro and bind G-actin (Deeks et al., 2004; Frank et al., 
2004; Basu et al, 2005; Uhrig et al, 2007). Moreover, Arabidopsis SPIKE1 which 
shares identity with DOCK180, has been shown to interact in yeast 2-hybrid 
with members of the SCAR and ABI families and that SCAR2 interacts di- 
rectly with the activated form of ROP7 at the plasma membrane suggesting 
that SPIKE1 may be a component of the SCAR/ WAVE complex and that plant 
SCAR proteins may act as direct effectors of ROP GTPases (Uhrig et al, 2007). 

In Arabidopsis, forward and reverse genetic approaches have been used to 
identify mutants in components of the Arp2/3 and SCAR/ WAVE complexes. 
Four members of the classical distorted group of mutants have been shown to 
encode subunits of the Arp2 / 3 complex and for the most part further mutant 
alleles have been identified in insertion line databases; wurm is a mutant of 
the Arp2 subunit, distortedl is a mutant of the Arp3 subunit, distorted! is a 
mutant in the ArpC2 /p31, and crooked represents the ArpC5 /pl6 subunit (Le 
et al, 2003; Li et al, 2003; Mathur et al, 2003a; El-Assal Sel et al, 2004). Mu- 
tants in ARPC4 have also been identified (Le et al, 2003). Two members of the 
distorted group have been found to encode components of the SCAR/ WAVE 
complex: gnarled which is a mutant of NAP1 (Deeks et al, 2004; El-Assal Sel 
et al, 2004) and klunker a mutant in PIR121 (Basu et al, 2004; Saedler et al, 
2004). Alleles of HSPC300 isolated using a TILLING approach also exhibit a 
strong distorted phenotype (Djakovic et al, 2006; Le et al, 2006). The pheno- 
types of all these mutants are similar with the most dramatic phenotype being 
observed in trichomes, which develop a distorted phenotype highly similar 
to that caused by actin depolymerizing drugs, indicating that these mutant 
phenotypes are caused by defects in the actin cytoskeleton (Mathur et al, 1999; 
Szymanski et al, 1999). All members of the Arp2/3 and SCAR/WAVE com- 
plex are encoded by single copy genes with the exception of ArpCl, ArpC2, 
ABI, and SCAR. SCAR is encoded by four genes and insertion mutants iden- 
tified show a degree of redundancy. Weak trichome phenotypes are observed 
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in SCAR2 (Basu et al, 2004; Zhang et al, 2005) but a SCAR2/4 double mutant 
shows a phenotype very similar to the Arp2/3 mutants (Uhrig et al, 2007). 
Knocking out components of either the Arabidopsis Arp2/3 complex or the 
SCAR/WAVE complex does not lead to a lethal phenotype as it does in yeast 
(Winter et al, 1999), C. elegans (Sawa et al, 2003), and Drosophila (Hudson 
and Cooley, 2002; Zallen et al, 2002) indicating a less pronounced role for the 
Arp2/3 complex in actin nucleation in plants. 

Several phenotypic studies in animals and Dictyostelium have reported 
that components of the SCAR/ WAVE complex can behave as either activa- 
tors or repressors of the ARP2/3 complex, causing (at least superficially) 
a paradox in the understanding of SCAR/WAVE complex function. Quan- 
tification of filamentous actin in Arabidopsis trichomes mutant for NAP125 
revealed that there was no apparent increase in F-actin in these lines (Deeks 
et al, 2004). This contrasts tissues carrying loss-of-function mutations of the 
Drosophila NAP125 gene KETTE (Hummel et al., 2000). Excessive F-actin ac- 
cumulation in kette mutants has been cited to support the concept of Arp2 / 3 
complex repression by the SCAR/WAVE complex. Phenotypic similarity be- 
tween loss-of-function Arp2 / 3 complex and SCAR/ WAVE complex mutants 
in Arabidopsis and the absence of F-actin accumulation in Arabidopsis napl25 
mutants suggests a role in Arp2/3 complex activation for the SCAR/ WAVE 
complex in plants. Further studies on Dictyostelium have complicated this 
debate on SCAR complex function (Blagg and Insall, 2004a). Dictyostelium 
NAP125 mutants show a reduction in SCAR activity, while Dictyostelium 
PIR121 mutants show excessive SCAR activity. This is the first significant ex- 
ample of individual SCAR complex core-components behaving differently in 
genetic models, illustrating that the simple activator and repressor models, 
which describe the function of the SCAR-complex, are too basic to describe 
the behavior of the system fully (Blagg and Insall, 2004a). 

The situation is further complicated by the fact that deactivation of individ- 
ual complex members leads to rapid proteolysis of all other members (Blagg 
et al, 2003; Kunda et al, 2003; Rogers et al, 2003; Innocenti et al, 2004; Schenck 
et al, 2004; Steffen et al, 2004). For NAP125, PIR121, and ABI mutants, the 
observed phenotypic variation between organisms could result from the bal- 
ance between free-SC AR that is inappropriately activating the Arp2 / 3 com- 
plex and increased proteolysis of SCAR in the absence of a complete complex 
(Blagg and Insall, 2004b). Yet another complication to phenotypic interpre- 
tation is a possible relationship between the D. melanogaster SCAR complex 
and the regulation of WASP (Bogdan and Klambt, 2003; Bogdan et al, 2004), 
another Arp2 / 3 activating protein that is absent from plants. Despite the con- 
tinuing debate all the current models that have been developed in animals and 
protists postulate that the SCAR complex links the activation of the Arp2/3 
complex to the polymerization of actin at the cell cortex and the plasma 
membrane. In plants, however, the subcellular localization of the Arp2/3- 
SCAR complex interaction remains unidentified. Further work is required in 
all model organisms to overcome the complexity caused by proteolysis and 
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signaling cross-talk to fully understand the regulating activity of the SCAR 
complex. 

9.2.2 Formins 

The second major group of actin nucleators are the formins. The Arabidopsis 
genome harbors 21 formin genes that can be divided into groups I and II 
based on their sequence similarity and domain organization (Deeks et ah, 
2002; Cvrckova et ah, 2004). All 21 formins have a C-terminal domain that 
bears significant homology to the contiguous FH1 and FH2 domains present 
in animal and fungal formins thought to interact with actin, but differences 
in some of the residues predicted to make contact with the actin monomer 
between group I and II formins may indicate that members of each group have 
a distinct biochemistry. The plant formins lack an FH3 domain which has been 
shown to be required for formin localization (Petersen et ah, 1998), yet group 
I formins have transmembrane domains for tethering to lipid membranes. 
Two further domains are missing from the plant formins; the GTPase-binding 
domain (GDB) and Diaphonous-autoregulatory domain (DAD), and these are 
involved in the autoinhibition of diaphanous-related formins (Watanabe et ah, 
1997, 1999; Alberts, 2001), which do not have direct homologues in plants. 
These two domains form an intramolecular interaction, which maintains the 
formin in an inactive state. The GBD domain can bind to activated Rho small 
GTPases releasing the DAD domain so that the conformation of the formin 
is converted into an active state. The absence of these domains indicates that 
plant PJio-like GTPases (ROPs) may not be direct activators of plant formins. 

Formins stimulate de novo actin nucleation and extension from the barbed 
end (Pruyne et ah, 2002; Kovar et ah, 2003; Romero et ah, 2004). Four plant 
formins (AtFHl, AtFH4, AtFH5, and AtFH8) have been shown to nucleate 
purified actin and allow extension from the barbed end of filaments (Deeks 
et ah, 2005; Ingouff et ah, 2005; Michelot et ah, 2005; Yi et ah, 2005). Like other 
formins, the plant formins appear to bind to the barbed end of F-actin, in- 
hibit actin depolymerization from the barbed end, and partially protect the 
barbed end from other proteins that otherwise would terminate barbed-end 
growth. AtFHl has even been shown to nucleate actin specifically derived 
from plant tissue (Michelot et ah, 2005). One model that explains the mech- 
anism of polymerization of actin by formin is the processive movement of 
formin attached at the barbed end of an elongating filament (Zigmond et ah, 
2003). Intriguingly AtFHl has recently been shown to be unusual in that it 
is nonprocessive and moves to the side of the filament after nucleation to 
facilitate filament bundling (Michelot et ah, 2006). In vitro studies have yet to 
include longer fragments containing transmembrane domains and putative 
control regions that might influence the interactions between plant formins 
and actin. 

Full length and / or truncated versions of group I formins have been over- 
expressed in plants or plant cells (Cheung and Wu, 2004; Deeks et ah, 2005; 
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Yi et ah, 2005). When full length AtFHl was overexpressed in tobacco pollen 
tubes the phenotype of pollen tubes varied from an initial increase in growth 
rate followed by a growth inhibition, to depolarized pollen tube growth fol- 
lowed by growth inhibition. Overexpressing just the actin nucleating domains 
increased the number of actin cables indicating that this fragment could pro- 
mote actin polymerization (Cheung and Wu, 2004). Similarly, overexpression 
of a comparable fragment of AtFH8 caused an accumulation of fine filamen- 
tous actin and the disruption of tip growth in root hairs (Yietal, 2005) . Disrup- 
tion of root hair growth was also apparent when expression of the N-terminus 
of AtFH4 was induced, without the actin nucleating C-terminus (Deeks et ah, 
2005). Taken together these data show that the group I formins at least have 
the potential to affect growth through F-actin formation. Most likely due to 
the redundancy in function between members of the formin family, only one 
isoform AtFH5, has been reported to have any null phenotype (Ingouff et ah, 
2005). Interestingly, this is a reduction in the rate of cell wall formation indi- 
cating that this is involved in cell growth. 



9.3 Actin binding proteins that modulate 
monomer/polymer dynamics 

9.3.1 Capping protein 

Heterodimeric capping protein binds tightly to the barbed end of actin fila- 
ments. The barbed-end-binding affinity of plant capping protein allows it to 
act as a nucleator that facilitates pointed-end elongation (Huang et ah, 2003). 
The elongation rate of filaments in vitro is significantly slowed by a com- 
bination of capping protein and profilin, as capping protein blocks barbed- 
end growth and profilin-actin is unable to associate with the pointed end 
(Huang et al, 2003). Capping protein binds both PIP2 and PA but not to 
several other phospholipids. Interaction with PA inhibits the actin-binding 
activity of capping protein. PA was also able to uncap filaments blocked by 
capping protein on their barbed ends allowing rapid filament assembly from 
an actin monomer pool buffered with profilin. As exogenously applied PA 
to Arabidopsis tissue culture cells and poppy pollen results in an increase in 
filamentous actin, it has been proposed that the PA inhibits capping protein 
activity in these cells resulting in the stimulation of actin polymerization from 
a pool of actin monomer and profilin (Huang et al., 2006). 

9.3.2 Celsolin, villin, fragmin 

Gelsolin and villin form part of a family of actin-binding proteins that share 
similar domain structure having six gelsolin homology domains and that 
are regulated by Ca 2+ (see review by Staiger and Hussey, 2004). Gelsolin 
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is a barbed-end capping protein that is able to nucleate actin filaments so 
that extension is from the pointed end. Gelsolin also has a Ca 2+ stimulated 
filamentous actin severing activity. An 80-kDa actin-binding protein from 
poppy pollen has been identified that can nucleate actin filaments, has po- 
tent Ca 2+ stimulated severing activity and can regulate assembly dynamics 
by binding to the barbed end. Sequence analysis revealed that this protein 
is related to gelsolin (Huang et ah, 2004). Villin has an extra subdomain at 
the C-terminus called the villin headpiece (VHP) which allows it to cross- 
link adjacent actin filaments to form bundles (Pope et ah, 1994). Most villins 
have an actin-severing and barbed-end capping ability (Glenney et ah, 1980; 
Janmey and Matsudaira, 1988). Two villins of 135 kDa and 115 kDa have been 
identified biochemically from lily pollen (Yokota and Shimmen, 2000). Both 
have Ca 2+ / calmodulin-dependent filamentous actin binding and bundling 
activity and the 135-kDa protein has been shown to have Ca 2+ -dependent 
capping and depolymerization/ fragmentation activity (Yokota et ah, 2005). A 
shorter 41-kDa protein also isolated from lily pollen showing sequence simi- 
larity to the villin/ gelsolin/ fragmin superfamily and has been shown to be a 
Ca 2+ -dependent actin-filament-severing protein (Fan et al, 2004). Moreover, 
a 29-kDa protein arising from an alternatively spliced 135-ABP (Lillium villin) 
transcript has been identified that plays an important role in the organization 
of the actin cytoskeleton during pollen germination and tube growth (Xiang 
et ah, 2007). There are five villin genes in the Arabidopsis genome and the 
recombinant protein of AtVLNl has been characterized. This can bind and 
bundle F-actin in a Ca 2+ insensitive manner but has no severing or capping 
activity (Huang et ah, 2005). 

9.3.3 Profilin 

Profilins are small low molecular weight G-actin-binding proteins of approx- 
imately 12-15 kDa. When G-actin is bound to profilin, the G-actin cannot 
incorporate at the pointed end of actin filaments whereas incorporation at 
the barbed ends continues at the normal rate (Pollard et ah, 2000). Animal and 
fungal profilin can accelerate the rate of G-actin exchange of ADP for ATP, 
thereby promoting the rate of actin polymerization (Lu and Pollard, 2001). 
The principal mammalian G-actin sequestering protein is thymosin (34 which 
is absent from plant genomes (Hussey et ah, 2002). The high concentration of 
profilins in plant pollen would indicate that a major role of these profilins is in 
G-actin sequestration (Gibbon et ah, 1999; Snowman et ah, 2002). Surprisingly, 
plant profilins cannot catalyze ADP to ATP nucleotide exchange on G-actin 
(Perelroizen et ah, 1996; Kovar et ah, 2000). 

Profilin is believed to function as an intermediate in signaling cascades that 
affect actin organization. Profilins bind to three major ligands and these are 
G-actin, polyproline, and phosphoinositides. It has been shown that indi- 
vidual plant profilin isoforms differ in their abilities to sequester G-actin, and 
differ in their affinities for poly-L-proline and PtdIns(4,5)P 2 (Kovar et ah, 2000). 
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This implies differential roles for these isoforms in signaling cascades. More- 
over, the actin sequestering activity of pollen profilin is regulated by Ca 2+ 
with higher sequestration at higher Ca 2+ levels, a property which may im- 
pact on actin organization in pollen tube tip growth (Kovar et al, 2000; Snow- 
man et al, 2002). Profilin's ability to bind stretches of proline is utilized by 
several proteins known to transduce signals to or directly affect the actin net- 
work. These proteins are the poly-L-proline profilin-binding proteins WASP, 
SCAR/ WAVE, VASP, and FORMIN families (Holt and Koffer, 2001). Within 
animals and fungi these four classes of protein provide multiple bridges be- 
tween signaling networks and the actin cytoskeleton. The interactions in- 
clude numerous small GTPases, kinases, SH3 adaptor proteins, and WW do- 
main proteins. Only members of the SCAR/WAVE and FORMIN families of 
PLP profilin regulators have been isolated from plants, and searches through 
the Arabidopsis genome sequencing data have not identified any conserved 
WASP- or VASP-related genes. Another potential control of plant profilin is 
phosphorylation. It has been shown that tobacco profilin NtProf 2 can be phos- 
phorylated by tobacco MAP kinases p45 Ntf4 and SIPK, when activated by the 
tobacco MAP kinase kinase NtMEK2. The function of such a phosphorylation 
remains to be assessed (Limmongkon et al, 2004). 

9.3.4 ADF/cofilin and AIP1 

ADF/cofilin binds both to G- and F-actin and enhances actin dynamics 
by severing actin filaments and increasing the depolymerization from the 
pointed end (Carlier et al, 1997; Gungabissoon et al, 1998). The activity of 
plant ADFs varies between isoforms. A well-characterized maize vegetative 
ADF, ZmADF3, is regulated by several factors. Phosphorylation of Ser-6 by 
calmodulin-domain protein kinase (CDPK) decreases the activity of ZmADF3 
(Smertenko et ah, 1998; Allwood et al, 2001). The ADF/cofilin phosphorylat- 
ing LIM/TESK kinases (Arber et al, 1998; Toshima et al, 2001) present in 
animal cells have not been identified in the plant genomes. The activity of 
ZmADF3 is also inhibited by phosphatidylinositol 4,5-bisphosphate (PIP2) 
or phosphatidylinositol 4-monophosphate (PIP) binding (Gungabissoon et al, 
1998). Finally, the activity of ZmADF3 is pH dependent. At high pH (8.0), ADF 
severs actin filaments, whereas it binds F-actin at a lower pH (6.0) (Gungabis- 
soon et al, 1998). 

Pollen-specific ADFs from maize and lily show a greater degree of identity 
than that between ADFs from within the same species, possibly indicating 
a conserved functional role for pollen ADFs. Lily pollen ADF, L1ADF1 has a 
weak effect on actin dynamics, is not phosphorylated or controlled by phos- 
phorylation on Ser-6 but does interact with PIP2 and PIP and does exhibit a 
pH sensitive activity (Allwood et al, 2002). Yeast 2-hybrid analysis has shown 
that L1ADF1 interacts with Arabidopsis actin interacting protein 1 (AtAIPl) 
(Allwood et al, 2002). RNAi knockdown of AIP1 in Arabidopsis has shown that 
this protein is essential for normal plant development (Ketelaar et al, 2004, 
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2007). Immunolocalization studies reveal that pollen ADF and AIP1 colocal- 
ize in pollen grains and pollen tubes (Allwood et al., 2002; Lovy- Wheeler et al, 
2006). Moreover, in vitro studies have shown that AIP1 enhances the activity 
of L1ADF1 by as much as 60% indicating that this cooperation is a major factor 
in the control of L1ADF1. Also, the pH sensitive activity of L1ADF1 correlates 
with the oscillatory changes in pH in the apical domain of lily pollen tubes 
and may be a mechanism of control of ADF in this region (Lovy- Wheeler et al., 
2006). 

9.3.5 Cyclase-associated protein 

Cyclase-associated protein (CAP) was first identified in S. cerevisiae by co- 
precipitation with adenylate cyclase (AC) (Field et al, 1990), and as a sup- 
pressor (srv2) of the activated RAS2 allele (RAS2 Val19 ) (Fedor-Chaiken et al., 
1990). Mutations in CAP/SRV2 affect the regulation of adenylyl cyclase by 
Ras and affect actin organization. These roles have been attributed to individ- 
ual domains of the protein: the N-terminal region contains the AC-binding 
domain responsible for the signaling function, while the C-terminus is respon- 
sible for actin binding (reviewed in Hubberstey and Mottillo 2002). CAP has 
been identified in all eukaryotes analyzed to date including plants (Barrero 
et al, 2002). 

CAP was originally believed to be a monomer sequestering protein because 
biochemical studies showed that it could suppress spontaneous polymer- 
ization of actin (Gottwald et al, 1996; Hubberstey and Mottillo, 2002). More 
recently, it has been suggested that CAP / Srv2p complexes interact with ADP- 
actin / cof ilin complexes facilitating the conversion to ATP-actin / prof ilin com- 
plexes (Balcer et al., 2003; Mattila et al., 2004). The effect is to recycle cofilin 
for new rounds of filament depolymerization and to generate profilin bound 
ATP-actin monomers for polymerization at the barbed ends. In contrast to the 
signaling activities of the CAP N-terminus, aspects of the srv2 phenotype de- 
pendent upon the actin-binding abilities of CAP / Srv2p can be complemented 
by CAP isoforms from divergent species. Consequently, the C-terminus of 
Arabidopsis CAP has been shown to complement the cytoskeletal defects of 
S. cerevisiae cap mutants (Barrero et al, 2002). The Arabidopsis CAP has been 
shown to be an actin monomer-binding protein (Barrero et al, 2002; Chaudhry 
et al, 2007; Deeks et al, 2007) and that it directly accelerates the exchange of 
ADP for ATP by actin monomers, perhaps filling a functional space in plant 
actin biochemistry left by the absence of plant profilin nucleotide exchange 
activity (Staiger and Blanchoin, 2006; Chaudhry et al, 2007). Analysis of null 
mutant phenotypes in the Arabidopsis homologue of CAP (CAP1) shows that 
this gene is essential for the development of multiple cell types and that its 
disruption correlates with actin organizational defects. Elongating epidermal 
cells, tip growing cells, and trichomes show severe morphological abnormal- 
ities and unusual aggregation of F-actin (Deeks et al, 2007). A previous study 
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has shown that the overexpression of plant CAP disassembles F-actin arrays 
in vivo and causes severe growth defects (Barrero et ah, 2002), which is sur- 
prising when considering that the overexpression of CAP in other organisms 
does not result in gross phenotypic abnormalities. 

The N-terminal region of CAP / Srv2p was previously found to bind AC in 
yeast (Field et ah, 1990), and a 36 amino acid region of the N-terminus is essen- 
tial for this interaction (Nishida et ah, 1998). A motif within this small domain 
(the "RLE" motif) is highly conserved in yeast, plants, and animals, but no 
direct interaction with AC has ever been found except in yeast, although indi- 
rect interaction has been implicated in Dictyostelium (Noegel et ah, 2004). Cell 
motility in Dictyostelium is dependent on the dual role of CAP in signaling 
and in actin dynamics indicating that integration of actin dynamics and cell 
signaling utilizing this protein is essential for normal cell function (Noegel 
et ah, 2004). The N-termini of CAP homologues from different species do not 
complement one another functionally (Kawamukai et ah, 1992), suggesting 
that the signaling activities of the CAP N-terminus have diversified between 
species. Plants do not have Ras and only one protein (pollen-specific signal- 
ing protein PsiP) with AC activity has been found in plants (Moutinho et ah, 
2001). The Arabidopsis capl mutants display altered growth behavior of multi- 
ple organs resulting in curled inflorescences and meandering roots consistent 
with CAP1 contributing to the function of plant-specific signaling pathways 
which remain to be defined (Deeks et ah, 2007). 

9.4 Microtubule cytoskeleton 

During progression of the cell cycle, plant microtubules remodel into dis- 
tinct organizations that each function at an appropriate stage of the cell cycle 
(Mineyuki, 2007; Fig. 9.1). Microtubules are organized as cortical arrays in 
interphase (Gi and S). Preprophase bands of microtubules (PPB) transiently 
appear in G2 and disappear when the nuclear envelope breaks down. During 
prophase, spindle microtubules are formed. Phragmoplast microtubules ap- 
pear between the daughter chromosomes in telophase, and function to form 
new cell walls. 

Cortical microtubule arrays are readily remodeled during cell differen- 
tiation, and in response to various endogenous and external stimuli. The 
effects of plant hormones on how arrays are organized are well docu- 
mented (Shibaoka, 1994). Remodeling has also been observed after at- 
tacks by pathogens, following exposure to low temperature, aluminum, or 
salt stress, and during tropic responses to light and gravity (Nick, 1998; 
Abdrakhamanova et ah, 2003; Sivaguru et ah, 2003; Takemoto and Hardham, 
2004; Shoji et ah, 2006). 

These dynamic changes in microtubule organization appear to result 
from alterations in microtubule dynamics, inter-microtubule association, 
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Figure 9.1 Microtubule organization during progression of the cell cycle. Microtubules 
can be visualized with a GFP:a-tubulin fusion protein stably expressed in tobacco BY-2 
cells, (a) The PPB at late G2, (b) the mitotic spindle, (c) the phragmoplast at telophase, 
and (d) cortical microtubules at Gi . N; nucleus. Bars: 1 0 ^m. (Reprinted from Yoneda and 
Hasezawa (2003). Copyright (2003), with permission from Elsevier.) 

microtubule nucleation activity, and interactions with the plasma membrane 
and other cellular components. Activities of various microtubule regulators 
should be regulated by multiple intracellular signaling pathways, but lit- 
tle is known about the molecules or mechanisms involved. In this review, 
two signaling pathways that regulate microtubule organization are summa- 
rized. As more microtubule regulators are identified and characterized, fur- 
ther progress can be expected in this field. 



9.5 ROP 

The Rho family small GTPases are highly conserved molecular switches that 
control morphogenesis, polarity, movement, and cell division in all eukary- 
otes. Plants have a unique Rho subfamily, ROP (Rho-related GTPase from 
plants), which mediates the response to a broad range of extracellular stimuli 
to activate diverse cellular pathways (for recent reviews, see Berken, 2006; 
Brembu et ah, 2006; Nibau et at, 2006; Yang and Fu, 2007) (see Chapter 3). 
Suppressed expression of two Arabidopsis homologs ROP2 and ROP4 in leaf 
epidermis promoted the formation of thick transverse cortical microtubules. 
A ROP-inter active CRIB motif -containing RIC1 was shown to mediate the 
ROP-dependent suppression of microtubule bundles in the early stages of 
pavement cell morphogenesis (Fu et aL, 2005). RIC1 is located to both the 
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plasma membrane and cortical microtubules in young pavement cells, but is 
redistributed almost exclusively to cortical microtubules in older cells. Over- 
expression of RIC1 -induced microtubule bundling and suppressed lobe for- 
mation in pavement cells, whereas ricl knockout mutants contained fewer 
and less bundled cortical microtubules and displayed somewhat wider neck 
regions. RIC1 binds to the active but not the inactive form of ROPs. Studies 
on RICl's localization in cells in which ROP2/4 expression was reduced and 
in which a constitutively active ROP2 was overexpressed indicated that ac- 
tivated ROP2 removes RIC1 from cortical microtubules, thus suppressing its 
function. It is not known whether RIC1 directly promotes microtubule orga- 
nization or acts as a regulator of a bona fide microtubule-associated protein. 



9.6 Protein phosphorylation 

9.6.1 Inhibitors of protein kinases and phosphatases 

Plants contain a huge repertoire of protein kinases that exceed 1000 in num- 
ber (Wang et ah, 2003; Krupa et ah, 2006). Serine /threonine protein kinases 
comprise the largest family, which includes receptor-like kinases, calcium- 
dependent kinases, cyclin-dependent kinases (CDKs), and kinases in the 
mitogen-activated protein kinase (MAPK) cascade. Staurosporine inhibits a 
broad spectrum of kinases through its strong affinity for the ATP-binding site. 
K-252a is an ATP analog that strongly inhibits calmodulin kinase but at higher 
concentrations is also an efficient general inhibitor of serine / threonine pro- 
tein kinases. Olomoucine is a purine derivative that strongly inhibits several 
CDKs and p44 MAPK, but exhibits reduced sensitivity toward some CDKs. 

Plant phosphatases are composed of two large families (Luan, 2003). Con- 
ventionally, serine/ threonine phosphatases are classified into Typel (PP1) 
and Type2 (PP2), and a group of inhibitors have been used to distinguish 
these types and to further categorize them into subgroups. Both okadaic acid 
and calyculin A potently inhibit PP1 and PP2A but are not effective against 
PP2B and PP2C. Cantharidin inhibits PP2A but not the others. Protein tyro- 
sine phosphatases are either tyrosine-specific, or dephosphorylate both ty- 
rosine and serine / threonine residues, as found in mitogen-activated protein 
kinase phosphatases. Unfortunately, there are no potent and cell-permeable 
inhibitors readily available for the protein tyrosine phosphatase family. 

When synchronized suspension-cultured tobacco cells in the late G2 phase 
were treated with 20 |xM staurosporine or 2 |xM K-252a, the disappearance of 
PPB, which normally occurs before the breakdown of the nuclear envelope 
at prophase, was inhibited and cells with PPB accumulated (Katsuta and 
Shibaoka, 1992). Treatment of synchronized tobacco cells with okadaic acid or 
calyculin A arrested the cell cycle at specific stages and particular microtubule 
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arrays predominated in these cells (Hasezawa and Nagata, 1992). From these 
experiments, it is difficult to know whether the reorganization of microtubules 
is a direct effect of the inhibitors or an indirect consequence of the cell cycle 
arrest. 

Arabidopsis primary roots were used to examine the effects of inhibitors 
of protein kinases and phosphatases on the morphology and organization of 
cortical microtubules (Baskin and Wilson, 1997). Microtubule arrays were dis- 
rupted and the root cells swelled on treatment with a kinase inhibitor (1 |xM 
staurosporine), or with a phosphatase inhibitor (30 jjiM cantharidin, 170 nM 
calyculin A, or 300 nM okadaic acid). Calyculin A and okadaic acid also en- 
hanced the nucleation of microtubules from the nuclear envelope. Cortical 
microtubules in epicotyl segments of azuki bean shifted from a mainly lon- 
gitudinal orientation to a transverse orientation when treated with 0.1 mM 
gibberellin A3 (GA3) in the presence of 0.1 mM IAA. This GA3-induced re- 
orientation was efficiently blocked by 1 mM 6-dimethylaminopurine or other 
kinase inhibitors (Mizuno, 1994). In lily pollen tubes, microtubules in the 
cortex and endoplasm disassembled in the presence of 30 nM calyculin A 
(Foissner etal, 2002). 

In vitro, microtubule polymers readily disassemble at low tempera- 
tures (e.g., at 0°C), whereas microtubules in living cells often are resis- 
tant to disassembly, depending on the cell type and cell-cycle stage. In 
suspension-cultured tobacco cells, cortical microtubules are labile to cold 
treatment early on, but acquire stability in the stationary phase. When 1 mM 
6-dimethylaminopurine or 10 |xM staurosporine was added to the tobacco 
cells at an early stage of culture, microtubules became resistant to cold treat- 
ment (Mizuno, 1992), indicating that kinase-mediated protein phosphoryla- 
tion results in destabilized microtubules. 

Protoplast ghosts, prepared by rupturing protoplasts on coverslips, expose 
the inner side of the plasma membrane and microtubules associated with it. 
Cortical microtubules on protoplast ghosts of unsynchronized tobacco cells 
were depolymerized in the presence of a tobacco cell extract and ATP (plus 
MgC^), but not in the presence of either alone (Sonobe, 1990). Phragmoplasts 
and spindles isolated from cultured tobacco cells were resistant to depolymer- 
ization under the same conditions. Interestingly, cortical microtubules and 
PPB on protoplast ghosts, which were prepared from synchronized tobacco 
cells in late G2 or at prophase, depolymerized upon treatment with ATP, and 
did not require a cytosolic factor (Katsuta and Shibaoka, 1992). Staurosporine 
at 20 |jlM suppressed the ATP-induced depolymerization but 2 |jlM K-252a 
was ineffective. It has been proposed that a staurosporine-sensitive kinase is 
associated with microtubules on protoplast ghosts and is directly involved 
in the depolymerization of microtubules, whereas a K-252a-sensitive kinase 
in the cytosol is indirectly involved in the depolymerization. These studies 
also suggest that the stability of microtubules differs with the phase of the cell 
cycle, and distinct sets of protein regulators that associate with microtubules 
may contribute to such differences. Primary roots of maize were sectioned 
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without fixation and the stability of cortical microtubules was analyzed in 
a similar manner (Tian et ah, 2004). In this assay the exogenous ATP readily 
depolymerized microtubules, which was inhibited by the simultaneous treat- 
ment with staurosporine. Conversely an inhibitor of protein phosphatases, 
cantharidin, promoted depolymerization in the absence of ATP. 

9.6.2 Phosphatase mutants 

Visual genetic screens for Arabidopsis mutants affecting seedling body orga- 
nization have isolated the tonneaul {ton!) mutant (Traas et ah, 1995), which 
is allelic to /ass (Torres-Ruiz and Jiirgens, 1994). tonl/fass seedlings of strong 
alleles are characterized by an extreme compression of all body elements 
in the apical-basal axis and radial swelling. The mutants can develop into 
miniature adult plants with all parts. At the cellular level, tonl //ass mutants 
are defective in cell elongation and show random orientation of cell division 
planes, but are not affected in cell polarity and thus pattern formation. Ex- 
amination of the microtubule cytoskeleton revealed that the PPB is absent 
in the mutant cells (Traas et ah, 1995; McClinton and Sung, 1997). Cortical 
microtubules in interphase cells are mostly arranged randomly in the root 
and have mostly parallel arrays whose orientation is not well fixed, with cells 
in the same area having a transverse, oblique, or longitudinal array orienta- 
tion (Camilleri et ah, 2002). Interestingly, noncortical microtubules appear to 
be unaffected; spindles and the phragmoplasts have a normal appearance. 
The phragmoplasts, however, are often guided to random sites at the cortex, 
generating the irregularly shaped cells. 

The TON1 /FASS gene encodes a protein similar in its C-terminal part to 
B" regulatory subunits of PP2As (Camilleri et ah, 2002). Association of the 
PP2A catalytic type-C subunit with regulatory (type A and type B) subunits 
produces several species of holoenzymes with distinct properties and func- 
tions. B-type subunits associate with the regulatory A subunits and provide 
targeting and substrate specificity to the enzyme complex (Luan, 2003). In 
animal cells, a trimeric PP2A complex composed of A and C subunits and 
of a distinct form of the B subunit associated with microtubules in vivo and 
in vitro, but a dimeric PP2A complex composed only of A and C subunits 
did not (Hiraga and Tamura, 2000). The TON2 protein interacts with an Ara- 
bidopsis type-A subunit of PP2A in the yeast two-hybrid system, indicating 
that TON2 and its vertebrate homologs define a novel subclass of PP2A B" 
subunits. The Arabidopsis genome contains three PP2A catalytic C subunit 
genes, among which RCN1 exhibits the most obvious morphological defects 
when mutated alone (Zhou et ah, 2004). Double mutants of rcnl and either of 
the two other ppla mutants showed dwarfing and infertility phenotypes that 
were similar to, but not identical with, those of the moderate alleles of tonl. 
Microtubules were not analyzed in the ppla double mutants. It remains to be 
seen whether the ppla triple mutants encompass severe cellular phenotypes 
of the tonl null allele. 
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Genetic screening for Arabidopsis mutants that were hypersensitive to a 
microtubule-destabilizing drug, propyzamide, resulted in the isolation of a 
unique semidominant mutant allele, propyzamide-hypersensitive 1-1 (phsl-1) 
(Naoi and Hashimoto, 2004). Seedling roots of phsl-1 showed left-handed he- 
lical growth and became swollen at low doses of microtubule-destabilizing 
drugs; these phenotypes were synergistically enhanced in the presence of 
the temperature-sensitive microtubule organization 1-1 (morl-1) mutation. The 
cortical microtubules in phsl-1 appeared to be more destabilized since they 
formed less ordered and more fragmented arrays, which were more read- 
ily depolymerized at low doses of microtubule-destabilizing drugs. PHS1 
encodes a MAPK phosphatase-like protein. Recombinant PHS1 showed 
phosphatase activity toward a bulky polycyclic aryl phosphate, which is a 
preferred substrate for MAPK phosphatase. Typical mammalian MAPK phos- 
phatases contain a catalytic phosphatase domain at the C-terminus and an 
N-terminal noncatalytic domain that are divergent among MAPK phos- 
phatases but are important for MAPK-binding specificity. A kinase interaction 
motif (Arg or Lys) 2 -3-Xl-6-0A-X-0B, where 0A and 0B are hydrophobic 
residues such as Leu, He, and Val, and X is any amino acid (Liu et ah, 2006), is 
found at the N-terminus of PHS1, and the conserved Arg residue was indeed 
mutated to Cys in the phsl-1 allele. Transgenic studies demonstrated that the 
Arg-to-Cys mutation in phsl-1 functions dominant negatively. It is not known 
how this mutation affects docking interactions with cognate MAPKs. A re- 
cessive mutant allele, phsl-3, whereby PHS1 expression was reduced by the 
insertion of T-DNA in the PHS1 promoter region, is hypersensitive to abscisic 
acid (ABA), as judged from a strong ABA-induced inhibition of germination, 
altered expression levels of ABA-responsive genes, and a stronger inhibition 
of the light-induced opening of stomata by ABA (Quettier et al. r 2006). The 
PHS1 phosphatase may be involved in multiple signaling cascades. 

9.6.3 MAP65 phosphorylation 

MAPs are obvious candidates for directly phosphorylated substrates that 
modulate microtubule functions. In plants, phosphorylation and its func- 
tional consequences have been demonstrated only for MAP65 proteins. 
MAP65 is a microtubule-bundling protein conserved in plants, vertebrates, 
and yeasts, and contains the N-terminal dimerization domain and the highly 
conserved middle region that binds microtubules (Mollinari et ah, 2002; 
Smertenko et al, 2004). Three isoforms of the tobacco NtMAP65-l subfamily 
are the founding members of MAP65 (Smertenko et ah, 2000), and are most ho- 
mologous to the AtMAP65-l and AtMAP65-2 of Arabidopsis thaliana (Hussey 
et al., 2002). Arabidopsis contains nine MAP65 proteins, which likely differ 
in their subcellular distribution and bundling activities (Hussey et al., 2002; 
Van Damme et al, 2005; Mao et al, 2005). The fission yeast MAP65 homolog 
Aselp was located in regions that contain antiparallel microtubule contacts 
in vivo, and efficiently promoted the bundling of antiparallel microtubules 
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over the bundling of parallel microtubules in an in vitro assay consisting 
of bacterially expressed GST-Aselp and dynamic microtubules grown from 
purified tubulin (Janson et ah, 2007). MAP65-1 proteins from tobacco and 
Arabidopsis were localized to a portion of cortical microtubules, the PPB, the 
overlap midzone of the two half spindles, and the midzone of the cytokinetic 
phragmoplast (Smertenko et ah, 2000, 2004). The localization at the spindle 
midzone suggests that MAP65-1 bundles antiparallel microtubules, as found 
for Aselp. Electron tomography of cryogenically fixed Arabidopsis meristem 
cells indicated, however, that somatic-type phragmoplast microtubules may 
and not interdigitate at the cell plate mid-line of the phragmoplast (Austin 
et ah, 2005). Overexpression of GFP-AtMAP65-l in Arabidopsis suspension 
cells induced bundling of nucleus-associated radial microtubules at the early 
interphase and the separate halves of the phragmoplast microtubules, indi- 
cating MAP65-1 may cross-link parallel microtubules (Mao et ah, 2005). 

The phosphorylation status of MAP65 changes during the cell cycle peak- 
ing during metaphase just when binding of MAP65 to microtubules is 
significantly reduced. Analysis of phosphorylation sites in the Arabidopsis 
MAP65 homologue AtMAP65-l demonstrated that several classes of pro- 
tein kinases including MAPK and CDK regulate MAP65 /microtubule in- 
teraction (Smertenko et al, 2006). Tobacco MAP65-ls are phosphorylated in 
vitro by a tobacco MAPK, NPJC1/NTF6 on the Thr579 at the C-terminus 
of NtMAP65-la, which conforms to the MAPK-phosphorylation motif con- 
served in MAP65-1 subfamily members (Sasabe et al, 2006). Microtubule- 
bundling activity of NtMAP65-l was partially reduced after phosphorylation 
by NRK1 in vitro. When the subcellular localization of NtMAP65-l and its 
phosphorylated form was compared by specific antibodies, the phosphory- 
lated form was found more concentrated at the midzone of the phragmoplast 
during its lateral expansion. Overexpression of a mutant NtMAP65-l that can- 
not be phosphorylated by NRK1 in tobacco BY-2 cells delayed progression of 
the M phase and phragmoplast expansion. It has been proposed that phos- 
phorylation of MAP65-1 by MAPK reduces its microtubule-bundling activity 
at the phragmoplast midzone, and facilitates its lateral expansion by facili- 
tating destabilization and turnover of microtubules at the midzone (Sasabe 
et al., 2006). During cytokinesis in tobacco, kinesin-like proteins (NACK1 and 
NACK2) bind and the MAPK kinase kinase NPK1, thereby activating it and 
the subsequent MAPK cascade, consisting of MAPK kinase NQKl/NtMEKl 
and the MAPK NRK1/NTF6 (see Chapter 12). Thus, NACK1/2 microtubule 
motors may concentrate the MAPK activity at the midzone of the phragmo- 
plast, and may spatially regulate activities of M AP65-1 and other microtubule 
regulators. 

In an in vitro phosphorylation assay by M-phase tobacco cell extracts, 
the CDK-specific inhibitor olomoucine partially inhibited the phosphoryla- 
tion of AtMAP65-l. When CDK activity in tobacco BY-2 cells were inhib- 
ited by olomoucine, GFP-AtMAP65-l was induced to bind the metaphase 
spindle microtubules within 10 min of treatment (Smertenko et al., 2006), 
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indicating that phosphorylation of AtM AP65-1 by a CDK-like activity inhibits 
its microtubule-binding activity. Strong phosphorylation of NtMAP65-l by 
CDKs occurred well before the phosphorylation by NRK, and the CDK phos- 
phorylation sites during the M phase were identified as Thr501 and Ser503 
of at the C-terminus of NtMAP65-la. When the NtMAP65-la form with mu- 
tations at these CDK-phosphorylation sites were overexpressed in synchro- 
nized tobacco BY-2 cells, progression of the cell cycle from the prometaphase 
appeared to be unaffected (Sasabe et al., 2006). When the corresponding 
CDK-non-phosphorylatable mutant of GFP-AtMAP65-l was overexpressed 
in Arabidopsis suspension cells, microtubules crossing the central region of the 
metaphase spindle were prematurely decorated by the introduced MAP65 but 
the subsequent compaction to the midline appeared to be normal (Mao et al., 

2005) . As expression of a non-phosphorylatable AtMAP65-l form mutated 
at nine potential phosphorylation sites of several kinases, including CDKs, 
delayed the metaphase /anaphase transition in tobacco cells (Smertenko et al., 

2006) , it is suggested that several kinase pathways are required for the regu- 
lation of MAP65-1 activity. 

The phosphorylation sites of MAP65-1 by NRK and CDK both fall within 
the second microtubule interaction region, which is located downstream of 
the main microtubule region conserved in all MAP65 members. This second 
interaction region is preferentially coiled-coil and basic. It has been proposed 
that phosphorylation of critical amino acid residues within this region impairs 
the charge interaction between the region and the acidic C-terminal region 
of tubulin, and functions as a potential regulatory mechanism controlling 
microtubule-binding activities of MAP65 (Smertenko et al., 2006). 

9.6.4 Phosphorylation of kinesin-like proteins 

Expression of a nondegradable cyclin Bl in tobacco BY-2 cells inhibited trans- 
formation of the anaphase midzone microtubule array into a phragmoplast 
(Weingartner et al., 2004), and CDKA2-GFP was distributed as a narrow equa- 
torial band, resembling the late PPB, in premitotic cells, on the metaphase 
spindle, and the midzone of the anaphase spindle and phragmoplast 
(Weingartner et al., 2001), indicating a CDK-dependent phosphorylation- 
based control of microtubule dynamics during the M phase. Arabidopsis 
kinesin-like proteins, KCA1 and KCA2, were isolated by their ability to bind 
CDKA;1 and a geminivirus replication protein in yeast two-hybrid screens 
(De Veylder et al., 1997; Kong and Hanley-Bowdoin, 2002). These kinesins are 
unique to plants and possess an N-terminal motor domain and a neck se- 
quence characteristic of minus-end-directed kinesins. A central region down- 
stream of the motor domain interacted with CDKA;1 and a C-terminal tail 
region of KCA and contained three putative CDK phosphorylation sites 
(Vanstraelen et al., 2004). When a fragment containing this interaction region 
was expressed in insect cells, it was phosphorylated, but the phosphorylation 
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was inhibited by treatment with olomoucine (Kong and Hanley-Bowdoin, 
2002). When two of these three putative CDK phosphorylatable Ser/Thr 
residues were mutated simultaneously to a Glu that would mimic the phos- 
phorylated residue, the mutated fragment no longer interacted with either 
CDKA;1 or the C-terminal region in a two-hybrid assay (Vanstraelen et al., 
2004). It has been proposed that the non-phosphorylated KCA has a com- 
pact folded conformation. Phosphorylation by CDKA;1 might release the 
inactive configuration to assume one that is ready for the interaction with 
a transporting cargo. GFP-KCA1 accumulated at the midline of expanding 
phragmoplasts in tobacco BY-2 cells, and this localization was not affected 
by treatment with phosphorylation inhibitors, suggesting that modulation of 
the phosphorylation status of KCA was not crucial for the interaction with 
microtubules (Vanstraelen et al., 2004). 

A phylogenetic analysis of kinesin motor domains shows that KCA1 
and KCA2 form a distinct subclass which includes Arabidopsis kinesin-like 
calmodulin-binding protein (KCBP). KCBP is a minus-end -directed motor 
(Song et al., 1997), is unique among all known kinesins in having a myosin 
tail homology-4 region in the N-terminal tail and a calmodulin-binding region 
following the motor domain, and has a putative CDK consensus phosphory- 
lation site. A plant-specific protein kinase interacted specifically with KCBP 
mainly at the N-terminal tail region (Day et al, 2000). The catalytic domain of 
the kinase phosphorylated itself but not KCBP. It is not known whether KCBP 
or a KCBP-associated protein is regulated by phosphorylation, or whether the 
interacting kinase is transported by KCBP on the microtubule track. 

9.7 Calcium 

Free cytoplasmic Ca 2+ levels fluctuate during the cell cycle and after exposure 
to environmental stimuli. In stamen hair cells of Tradescantia, the free Ca 2+ 
level increased transiently after the onset of anaphase, and declined dur- 
ing cytokinesis (Hepler and Callaham, 1987). When carrot protoplasts were 
exposed to culture media with high levels of Ca 2+ for 15 min, the free cyto- 
plasmic Ca 2+ increased from a basal level of approximately 90 nM to a level 
greater than 600 nM and cortical microtubules largely disassembled (Fisher 
et al., 1996). Experiments using carrot protoplast ghosts suggest that proteins 
that were associated with microtubules and were capable of interaction with 
a Ca 2+ /calmodulin complex were responsible for the Ca 2+ -dependent desta- 
bilization of cortical microtubules (Cyr, 1991). 

Elongation factor-la (EF-la) is a highly abundant, ubiquitous G-protein 
involved in protein translation. EF-la is also reported to interact with com- 
ponents of signal transduction pathways and the microtubule cytoskeleton. 
Carrot EF-la bound, bundled, stabilized, and promoted the assembly of mi- 
crotubules in vitro in a Ca 2+ / calmodulin-dependent manner (Durso and Cyr, 
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1994; Moore et ah, 1998). When expressed transiently in fava bean leaf epi- 
dermal cells, GFP-EF1 a associated with microtubules only after incubation 
in weak, lipophilic organic acids; the treatment with a calmodulin inhibitor 
drug, W7, was ineffective (Moore and Cyr, 2000). Genetic and molecular evi- 
dence is required to show whether EF-1 a regulates microtubule functions in 
plant cells, and whether Ca 2+ / calmodulin is involved in its regulation. 

Kinesin-like KCBP is a member of the Ned subfamily of minus-end-directed 
kinesin motor proteins found in all plants and in some animals, and is required 
for cytokinesis and trichome morphogenesis (Oppenheimer et ah, 1997; Vos 
et ah, 2000). In KCBP, a calmodulin-binding region is located at the C-terminal 
extension of the motor core. Biochemical and structural studies indicated that 
Ca 2+ /calmodulin inhibits the binding of KCBP to microtubules by block- 
ing the microtubule-binding sites of KCBP (Narasimhulu and Reddy, 1998; 
Vinogradova et ah, 2004). The calmodulin-binding region in KCBP also associ- 
ated with KIC, a novel Ca 2+ -binding protein with one EF-hand motif (Reddy 
et ah, 2004) . Interestingly, the microtubule-stimulated ATPase activity of KCBP 
was inhibited by KIC at lower Ca 2+ concentrations than by calmodulin, which 
possessed four EF-hand motifs. Overexpression of KIC in Arabidopsis tri- 
chomes resulted in reduced branch numbers, as seen in kebp mutants, suggest- 
ing that KIC regulates the activity of KCBP in response to changes in cytosolic 
Ca 2 +. 



9.8 Conclusion 

In this chapter, we have described how the proteins of the cytoskeleton are 
integrated with cytoskeletal organization/ dynamics and signal transduction 
cascades. For the most part the pathways involved are similar to their animal 
counterparts but significant differences in the way the plant proteins are reg- 
ulated and utilized are apparent. This is perhaps not too surprising because 
the modes of development and the environmental cues are different for ani- 
mals and plants. In particular, plant development is coordinated by hormone 
signaling pathways. As plant cell morphogenesis is dependent on the cy- 
toskeleton the links between hormone signaling and cytoskeletal regulation, 
although suggested for auxin in particular, remain unknown. The integration 
of the cytoskeleton with hormone signaling and plant development is likely 
to be the next stage in this research. 
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Abstract: Since the discovery of the ubiquitin proteasome system (UPS) in the 
1970s, the UPS field has advanced remarkably, culminating in the 2004 Nobel Prize 
in Chemistry. The idea that energy should be invested to degrade a substrate, whose 
own synthesis consumed energy in the first place, was revolutionary (Hershko 
and Tomkins, 1971). In Arabidopsis, ~1400 genes encode components of the UPS, 
constituting approximately 5% of the Arabidopsis proteome (Smalle and Vierstra, 
2004), eluding to the great complexity of the UPS system. Describing this complexity 
is daunting and very much a matter of perspective. This chapter will discuss the 
UPS in plant development from the point of view of the PCI (Proteasome, CSN, 
eiF3) or "ZOMES" complexes: the 26S proteasome lid, Cop9 signalosome (CSN), 
and eIF3 (eukaryote initiation factor 3), and in particular from the point of view of 
the CSN. 

Keywords: Cop9 signalosome; proteasome; ubiquitin; protein degradation 



10.1 General overview 

Cellular protein content (cellular proteome) is obviously the most important 
and basic feature that defines every aspect of life. The proteome is a function of 
numerous regulatory mechanisms functioning at multiple levels. While tran- 
scriptional control of the proteome is a major focus of research, over the past 
decade, we are witnessing a paradigm shift to identifying the central role of 
posttranscriptional mechanisms in controlling the proteome. The novel idea 
of precise protein degradation as a mechanism that controls the cellular pro- 
teome encompasses both accuracy and sensitivity and allows coordination 
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of many complicated and parallel processes. Most proteins involved in cel- 
lular signaling are known to be subject to proteasome-mediated turnover in 
responses to specific signals. The PCI (Proteasome, CSN, eIF3) multiprotein 
complexes, the proteasome regulatory lid, Cop9 signalosome (CSN) and eu- 
karyote initiation factor 3 (eIF3), individually and in concert, affect proteome 
composition (Kim et aL, 2001). These complexes were grouped together on 
the basis of similarities in their subunit composition and sequence, and pre- 
dicted structure. While subunits between the complexes share little primary 
sequence similarity, six subunits in each of all three complexes contain a PCI 
motif, while two subunits carry an MPN (Mprl, Padl, N-terminal) motif. 
This conserved six PCI/ two MPN structure strongly suggests a common an- 
cestor for these complexes (Aravind and Ponting, 1998; Hofmann and Bucher, 
1998). The PCI motif is found almost exclusively in subunits of these com- 
plexes, though the presence of a small number of orphan PCI proteins hints 
at the possible existence of a fourth PCI complex (Kim et ah, 2001). 

Both the proteasome lid and CSN have established roles in mediating the 
ubiquitin-dependent degradation of regulatory proteins such as signaling 
proteins and transcriptional regulators. Both complexes work in conjunc- 
tion with another family of multi-subunit protein complexes-E3 ubiquitin 
ligases. The E3 ligase complex determines specificity of the degradation sub- 
strate. While the CSN modulates E3 activity, this activity is necessary for 
proteasome lid to recognize ubiquitylated proteins destined for degradation 
in the proteasome. eIF3 obviously controls proteome content through regu- 
lating protein synthesis, but eIF3 also impinges on the CSN and proteasome. 
Interestingly, the CSN resembles on one hand to the regulator of protein syn- 
thesis (eIF3) and on the other to the mechanism that degrades them (the 
lid) and thus is found in the interface between protein synthesis and protein 
degradation. 



10.2 The PCI complexes 



10.2.1 Proteasome 

The proteasome is a huge 2- to 2.5-MDa molecular machine, found in all eu- 
karyote cells, which carries out nonlysosomal protein degradation (Hershko 
and Ciechanover, 1998). It is localized mainly in the nucleus but can be found 
in the cytoplasm as well. The proteasome is composed of two major subcom- 
plexes: a 20S core particle (CP) and a 19S regulatory particle (RP; Fig. 10.1a, 
Color plate 15). 

The CP is a cylindrical structure of four stacked heptameric rings; the 
two central rings are consisted of seven related [3 subunits each, and the 
two distal rings are consisted of seven related a subunits (Fig. 10.1a, Color 
plate 15). The a-subunits' N-terminal extension probably controls protein 
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traffic in and out the CP (Groll, 2000). Crystallographic structure analysis of 
the yeast and human CP revealed a cavity within the stacked rings. Protein 
proteolysis occurs in this cavity through the trypsin-like and chemotrypsin- 
like protease activity harbored in the (31, (32,and (35subunits (Groll etal., 1997; 
Christian et al., 2002). This activity is ATP-independent. 

The other major subcomplex of the 26S proteasome is the PvP, which can be 
further divided into two smaller subcomplexes, the base and the lid (Glickman 
et al., 1998b). The RP is found on one or both sides of the CP, with the 
PvP-base interacting with the a-subunit ring of the CP. The base is consisted 
of nine subunits, six arranged as a ring of AAA-ATPases (RPT1-RPT6), while 
the other three (RPN1, 2, and 10), which are not ATPases, are arranged out- 
side the AAA-ATPases ring (Fig. 10.1a, Color plate 15; Zwickl and Baumeister, 
1999). Since the RP blocks the CP, proteasome substrate recognition occurs 
through the RP. Once a substrate binds the RP, the substrate is unfolded by the 
AAA-ATPase ring, the ubiquitin chain is removed by RPN11 (see below) and 
recycled, and the "naked" protein is directed through the a-ring gate to the 
CP for proteolysis (Fig. 10.2b, Color plate 16; Hartmann-Petersen et al, 2003). 

The lid is consisted of eight non-ATPase subunits (RPN3, 5-9, and 11- 
12). While the CP can degrade proteins in the absence of the lid, the lid is 
necessary for proteolysis of ubiquitinated proteins (Glickman et al, 1998a). 
The lid probably directly interacts with the polyubiquitin chain attached to 
the substrate, removes the ubiquitin, and funnels the substrate through to the 
base and CP. The deubiquitination is carried out not only through associated 
deubiquitylating enzymes, but directly by the lid itself (Glickman et al, 1999; 
Lam et al., 2002). RPN11, an MPN subunit, contains a metallo-isopeptidase 
JAMM motif active site that functions, in conjunction with the entire lid, in 
deubiquitylation of the substrates (Verma et al, 2002). 



10.2.2 CSN (Cop9 signalosome) 

The CSN is an eight-subunit complex found in all eukaryotes (Fig. 10. lb, Color 
plate 15; Chamovitz and Glickman, 2002; Deng and Serino, 2003). The CSN 
was first identified in plants as a negative regulator of photomorphogenesis 
(Wei et al., 1994a). Arabidopsis seedlings lacking a functional CSN germinate in 
total darkness as if grown in light, displaying a phenotype referred to as con- 
stitutive photomorphogenesis (cop), de-etiolated (det), or fusca (fus). For simplicity 
sake, this chapter will use the cop nomenclature except for mutants widely 
known by another name. Of the nine cop loci identified in Arabidopsis, six en- 
code the CSN PCI-containing subunits CSN1, 2, 3, 4, 7, and 8 (Wei et al, 1994a; 
Staub et al, 1996; Karniol et al, 1999; Serino et al, 1999; Peng et al, 2001b; Serino 
et al, 2003). Loss-of-function alleles of any of these loci lead to the cop pheno- 
type. CSN loss-of-function mutants do not reach reproductive stage and die 
as a seedling even when growing under optimal light conditions, suggesting 
that the CSN is necessary for processes other than photomorphogenesis. 
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The other two CSN subunits, the MPN domain-containing CSN5 and CSN6, 
are both encoded by duplicated genes in Arabidopsis, and thus escaped the 
saturation cop screens. Double mutants for both gene copies for either locus 
also yield the classic cop phenotype, such that lack of any one of the eight CSN 
subunits leads to an essentially identical cop phenotype (Gusmaroli et al, 2004; 
Dohmann et al, 2005; Gusmaroli et al, 2007). 

The known catalytic activity of the CSN is centered in CSN5. This metallo- 
isopeptidase catalyzes the removal of a small ubiquitin-like molecule termed 
Rubl in Arabidopsis, and Nedd8 in all other organisms, from the Cullin subunit 
of certain ubiquitin ligases (Cope et ah, 2002) (see Section 10.5.2). Subsequently 
it was found that CSN5 possesses a second intrinsic metallo-isopeptidase ac- 
tivity deubiquitylation. The CSN complex can remove ubiquitin from certain 
substrates (Gusmaroli et ah, 2004). In addition to the intrinsic CSN5 deubiqui- 
tylation activity the deubiquitylating enzyme Ubpl2 is active in association 
with the CSN complex (Zhou et al, 2003; Hetfeld et al, 2005), adding another 
level of complexity to the involvement of the CSN in regulating substrate 
ubiquitylation. 

Another activity attributed to the CSN is regulation of intracellular parti- 
tioning of various key proteins, between the nucleus and cytoplasm. These 
include CSN5 itself, COP1, p27 Kipl , and the small subunit of ribonucleotide 
reductase (the latter three will be discussed below). 

While the CSN is often referred to as if it is a uniform complex, CSN subunits 
are in truth found in multiple configurations. In Arabidopsis, CSN4, 5, and 7 
are detected by gel filtration analyses in fractions corresponding to smaller 
weight complexes and/or monomers, as well as the ~500-kDa CSN complex 
(Karniol et al, 1999; Serino et al, 1999; Dohmann et al, 2005). CSN4 may also 
be present in an even larger complex. Furthermore, etiolated seedlings ap- 
pear to have a CSN complex that is larger than that detected in light-grown 
seedlings (Wei et al, 1994a). Similar results were also found in other organisms. 
For example, in mammalian cells, the nucleus contains the large CSN com- 
plex exclusively, whereas the cytoplasm contains small CSN subcomplexes 
exclusively. These small subcomplexes included CSN4, 5, 6, 7b, and 8, but 
not CSN1 (Tomoda et al, 2002). In Arabidopsis the CSN also localizes mainly 
in the nucleus (Chamovitz et al, 1996), though individual subunits, such as 
CSN7, appear also in the cytoplasm (Yahalom et al, 2001). The role of these 
mini-complexes is not known. Interestingly, AtCSN5A and AtCSN5B do not 
integrate to the same complexes, CSN CSN5A complexes are more abundant 
than CSN CSN5B complexes (Gusmaroli et al, 2004). 

CSN integrity is dependent on the expression of almost all of its subunits 
as loss of an individual subunit usually leads to complex dissociation or pre- 
vents complex assembly (Wei and Deng, 1999). One exception to this is CSN5. 
In Drosophila, mutant larvae lacking CSN5 still maintain a CSN complex, 
though there are changes in the uncomplexed forms of certain subunits (Oron 
et al, 2002). A similar report was made for Arabidopsis (Dohmann et al, 2005), 
though contradictory results are also claimed (Gusmaroli et al, 2007). If the 
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latter is true then the common cop phenotype found in loss-of-function mu- 
tants in each subunit is clear. If the former, then it appears that the cop phe- 
notype stems from a loss of the CSN-bound form of CSN5. 

Very recent work in Drosophila has indicated that the CSN complex has roles 
beyond those mediated by CSN5 and different mutants only partially overlap 
in their gene expression profiles (Oron et ah, 2007). Interestingly reduction of 
CSN5 levels prevents the accumulation of CSN1 and CSN8 in Arabidopsis, 
though it is not clear whether this indicates increased degradation of CSN5 
or decreased translation / transcription of its gene (Schwechheimer et ah, 2001 ) . 

Another biochemical activity attributed to the CSN is phosphorylation of 
key UPS substrates. This activity is not CSN intrinsic, as was initially re- 
ported (Seeger et ah, 1998), but executed by kinases that work in association 
with the CSN complex. Purified CSN from human red blood cells copuri- 
fied with kinase activity directed against c-Jun, IkBci, the NFkB precursor 
pl05, and p53 (Seeger et ah, 1998; Bech-Otschir et ah, 2001). The phosphory- 
lation by the CSN-associated kinase of p53 is thought to promote its degra- 
dation by the 26S proteasome while the phosphorylation of c-Jun is thought 
to stabilize it (Naumann et ah, 1999; Bech-Otschir et ah, 2001). These kinases 
were subsequently identified as CK2, protein kinase D (PKD), and inositol 
1,3,4-trisphosphate 5/6-kinase (reviewed in Harari-Steinberg and Chamovitz, 
2004). A common feature of these kinase activities is that they are inhibited 
by curcumin. One CSN-associated kinase has been identified in plants (Malec 
and Chamovitz, 2006). 

Some of the CSN subunits themselves are kinase substrates and can 
be found in different phosyphorylation states including Arabidopsis CSN7 
(Karniol et ah, 1999) and several human CSN subunits (Henke et ah, 1999). 
The importance of this phosphorylation is not clear. 

10.2.3 elF3 

In general, eIF3 is an "outsider" PCI complex in terms of similarity to the 
other PCI complexes and in connection to the UPS. eIF3 is part of the eukary- 
ote translation machinery (Hinnebusch, 2006). It coordinates the complicated 
process of translation initiation by stimulating the assembly of the eIF2-GTP- 
met-tRNAi ternary complex, binding of the ternary complex and other com- 
ponents of the preinitiation complex to the 40S subunit of the ribosome, and 
scanning the mRNA for the correct AUG start codon. 

eIF3 subunit nomenclature is eIF3a to eIF3m in order of descending molec- 
ular weight (Browning et ah, 2001). eIF3 composition differs among various 
organisms. Arabidopsis thaliana eIF3 contains at least 11 subunits (Table 10.1, 
Fig. 10.1c (Color plate 15)), compared to the 13 subunits in human and only 6 
in budding yeast. Five of these, eIF3a, eIF3b, eIF3c, eIF3g, and eIF3i, are con- 
served in all organisms and are considered "core" subunits and are essential 
for translation in vivo (Naranda et ah, 1997; Verlhac et ah, 1997; Asano et ah, 
1998; Greenberg et ah, 1998; Phan et ah, 1998; Valasek et ah, 1998; Hanachi 
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Table 10.1 Nomenclature of PCI complex subunits in Arabidopsis 



CSN 


Proteasome lid 


Domain 


elF3 


Domain 


CSN1 


RPN7 


PCI 


elF3a 


PCI 


CSN2 


RPN6 


PCI 


elF3b 


— 


CSN3 


RPN3 


PCI 


elF3c 


PCI 


CSN4 


RPN5 


PCI 


elF3d 


— 


CSN5A 






elF3e 


PCI 




RPN11 


MPN 






CSN5B 






elF3f 


MPN 


CSN6A 






elF3g 






RPN8 


MPN 






CSN6B 






elF3h 


MPN 


CSN7 


RPN9 


PCI 


elF3i 


PCI 


CSN8 


RPN12 


PCI 


elF3k 


PCI 








elF3l 


PCI 



The 8 paralogous CSN and proteasome lid subunits, and the 1 1 elF3 subunits, are organized in order 
of descending molecular weights. PCI or MPN domains are noted. 



et ah, 1999; Vornlocher et ah, 1999). Interestingly, only three of these, eIF3a, b, 
and c, together with eIF3e, f, and h, are sufficient to promote translation in 
vitro (Masutani et ah, 2007). 

Most of the other subunits are also conserved among higher eukaryotes, 
though a few are organism specific. For example, eIF3j is found in human and 
Saccharomycescerevisiae but not in Arabidopsis or Schizosaccharomycespombe and 
eIF3m is found in human and S. pombe but not in Arabidopsis or S. cerevisiae. 



10.3 PCI/MPN domain 

As mentioned above, the subunits of these three complexes contain one of 
two amino acid motifs — the PCI or MPN motifs (Fig. 10.1, Color plate 15). 
The PCI motif [also known as the PINT domain (Aravind and Ponting, 1998)] 
is a predicted a-helical domain of ~200 amino acids, located in the C-terminal 
region of these proteins. Since it is found almost exclusively in proteins that 
are part of multiprotein complexes, this motif was suggested to mediate in- 
tracomplex protein-protein interactions. In vitro protein interaction assays, 
protein-binding assays in yeast, and in vivo studies primarily in Arabidopsis 
provided evidence that the PCI motif indeed participates in protein-protein 
interactions, but in a specific manner. Not all PCI-containing proteins interact 
with each other. For example, in Arabidopsis, CSN2 and CSN8 do not interact 
in yeast two-hybrid assay although both are PCI proteins (Serino et ah, 2003). 

The MPN is a ~180 residues motif that has better primary conservation than 
the PCI motif. It is located in the N-terminus of the protein and is probably 
more ancient than the PCI domain since it was found also in prokaryotes. All 
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PCI complexes contain two MPN domain-containing subunits. Two of these, 
CSN5 and RPN11, contain an MPN variant known as MPN+/JAMM that 
carries metallo-isopeptidase activity. These proteins cleave Nedd8/Rubl or 
ubiquitin, respectively, from conjugated proteins (Cope et al, 2002; Maytal- 
Kivity et al, 2002). This is the only intrinsic catalytic activity know for the 
CSN and the proteasome lid complexes. eIF3's MPN subunits have no known 
catalytic activity. 

The crystal structure of the JAMM motif fromArchaeo globus fulgidus sug- 
gests a zinc binding site similar to many enzymes (Tran et al., 2003). Indeed, 
the proteasome 19S RP deubiquitylation activity is sensitive to zinc chelators 
(Cope etal.,2002). The RPN11 JAMM motif removes ubiquitin from substrates 
designated for degradation in the proteasome. The CSN5 JAMM motif cat- 
alyzes the removal of Rubl (akin to nedd8 in animal and yeast), a ubiquitin- 
like protein, from Cullin, an SCF E3 ligase subunit (see more in SCF regulation 
below, Section 10.5.3). Point mutations within the JAMM motif of CSN5 and 
RPN11 block their activity and led to a lethal phenotype in Drosophila (Cope 
et al., 2002; Verma et al., 2002), in contrast to fission yeast where this mutation 
had no obvious phenotype other than the block in enzymatic activity (Zhou 
et al, 2001; Mundt et al, 2002). Interestingly, CSN5 and RPN11 are active only 
in the context of the complex. This may imply an involvement of the whole 
complex in interacting with the substrate or other proteins and thus coordi- 
nating its metalloprotease activity with the other activities of the complexes. 

That the PCI complexes share similar subunit architecture, and a six PCI + 
two MPN composition, suggests that these complexes evolved from a com- 
mon ancestor. The CSN and the lid are more closely related to each other than 
they are to the eIF3, each having only eight subunits. eIF3 is more diverged 
both at the level of subunit amino acid similarity, and complex structure, 
as it has additional non-PCI/MPN subunits. The existence of "orphan" PCI 
proteins may suggest the presence of a fourth PCI complex. 

10.4 Inter-PCI-complex relationships 

Beyond the structural similarities between the PCI complexes, genetic and 
biochemical evidence connect them as well. The human CSN was initially 
discovered as a contamination in proteasome lid preparations (Seeger et al, 
1998), implying a close connection of these two complexes. Similarly, three 
eIF3 subunits, eIF3 c, e, and h, and one lid subunit, Rpn6, copurified with the 
CSN from cauliflower (Karniol et al, 1998). Yeast two-hybrid screens revealed 
that AtCSNl interact with the lid subunit RPN6 through its C-terminus (Kwok 
et al, 1999). While one explanation for these results could be that similar bio- 
chemical properties of similar complexes led to the copurification, subsequent 
studies have indicated a functional significance to these interactions. 

In Arabidopsis, the gel filtration fractionation profile of CSN and the protea- 
some lid partially overlap, and this overlap increases following formaldehyde 
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cross-linking treatment prior to fractionation (Peng et ah, 2003). In addition, 
anti-CSN6 antibodies could pull down some proteasome subunits as well as 
E3 ubiquitin ligase SCF subunits (Peng et ah, 2001a ). The interaction between 
the CSN and the lid is probably direct and does not involve mediating pro- 
teins, as purified mammalian CSN and proteasome reciprocally precipitate 
each other. Interestingly, this interaction was enhanced when ATP was added 
to the buffer. In this mammalian system flag-tagged CSN2 could also pull 
down subunits of the SCF E3 ubiquitin ligase (Huang et ah, 2005). These data 
suggest that the CSN, the proteasome, and E3 ubiquitin ligase can form a su- 
per complex in order to cooperate in protein degradation. Interestingly, auxin 
has been shown to induce the formation of a nuclear protein body contain- 
ing these complexes (Tao et ah, 2005), raising the possibility that the super 
complex formation could be regulation by signaling. 

In S. pombe, S. cerevisiae, and mammalian cells, eIF3e interacts with the 26S 
proteasome (reviewed in von Arnim and Chamovitz, 2003). In S. pombe, this 
interaction is thought to positively regulate the proteasome and eIF3e mu- 
tants accumulate polyubiquitinated proteins just like proteasome mutants. 
This probably happened due to improper assembly of the proteasome since 
eif3e mutants fail to properly localize the Rpn5 proteasome subunit (Yen and 
Chang, 2003). In Arabidopsis and human cells eIF3e interacts with the CSN, 
and in Arabidopsis, the subcellular localization of eIF3e is tissue dependent 
(Yahalom et ah, 2001; Hoareau Alves et ah, 2002). The nature of many of 
these intercomplex interactions is not clear and further investigation will be 
needed to understand their biological significance. Nevertheless, an evidence 
from a diverse array of organisms suggests that these interactions are not 
coincidental. 

10.5 Ubiquitin and ubiquitin-conjugating cascade 

Cellular protein degradation occurs in two main pathways: lysosomal and 
proteasomal. About 80% of the cellular protein degradation occurs through 
the latter pathway, where protein degradation is dependent on the substrate 
being first tagged by ubiquitin. 

Ubiquitin, a 76 amino acid protein, is, as its name, found in all eukaryotic 
cells and is very highly conserved (Smalle and Vierstra, 2004). For example, 
higher plant ubiquitin differs in its amino acid sequence from yeast by only 
two residues and from animals by three. Ubiquitin has a globular and packed 
3D structure, forming a pocket shape called the ub-fold (Vierstra, 1996). A 
C-terminal extension from the ub-fold terminates with an essential glycine 
that serves as the covalent interaction site with its substrates and conjugating 
enzymes. Proteins tagged by a polyubiquitin tail are targeted for degradation 
by the proteasome. In addition to its famous Nobel-winning role in protein 
degradation, ubiquitin also participates in many other cellular processes such 
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as cell division, differentiation, signal transduction, protein trafficking, and 
quality control, which are not considered further in this chapter. 

Ubiquitin is only one member of the larger ubiquitin-like family of proteins . 
In plants these additional ub-like proteins are called Sumo and Rubl (Nedd8 
in nonplants). Interestingly, in plants ubiquitin is transcribed in fusion; it 
can be fused to other ubiquitins to form a concatomer of ubiquitins, or it 
can be fused to the ub-like Rubl or to one of two ribosomal sub units. After 
translation, a deubiquitylation protease separates the fused proteins to their 
active form (Callis et al, 1990; Sun and Callis, 1997). 

10.5.1 The ubiquitin-conjugating cascade 

The specificity and control of the ub-proteasome pathway is dependent on the 
selective tagging of the targeted protein by polyubiquitin (Rock and Goldberg, 
1999). The system that controls this tagging is a cascade of three types of en- 
zymes: the ubiquitin-activating enzyme (El), ubiquitin-conjugating enzyme 
(E2), and ubiquitin protein ligase (E3) . In general, the El activates ubiquitin, E3 
determines the specificity of the substrate, and the E2s mediate the interaction 
between the Els and the E3s. In the Arabidopsis genome there are 2 Els, 40 E2s, 
and about 1300 E3s (data from http://plantsubq.genomics.purdue.edu/). 

The El ubiquitin activating enzyme is a ~1100-residue protein that ac- 
tivates ubiquitin by forming a thioester bond with its C-terminus in an 
ATP-dependent manner. The bond is created via the El cysteine residue that 
binds ubiquitin in a high-energy bond. The El then transfers the activated 
ubiquitin to an E2 ubiquitin-conjugating enzyme. The E2s are believed to 
have some part in the determination of the substrate identity. E2s interact 
with Els and E3s via the same domain and thus a dynamic binding switch is 
necessary, with an E2 first binding the El, and subsequently an E3 (Pickart, 
2001). The E3 makes contact both with the E2 and the substrate, and once the 
E2-E3-substrate complex has assembled, the E2 transfers the activated ubiq- 
uitin directly, or via the E3 to the substrate, and this is repeated cyclically. In 
the first cycle the ubiquitin is conjugated to the substrate, while in subsequent 
cycles it is conjugated to the previous ubiquitin, forming a linear polyubiq- 
uitin chain (Fig. 10.2c, Color plate 16). This chain marks the substrate for 
degradation by the 26S proteasome (reviewed in Smalle and Vierstra, 2004). 

The E3 largely determines the identity of the substrate. The Arabidopsis E3 
superfamily can be divided into two major families, the HECT (homology to 
E6-AP C-ferminus) and the Ring/U-box families, with the latter divided into 
further subclasses (Fig. 10.3, Color plate 17). These two main families differ in 
the mechanism of ubiquitin transfer. For HECT E3s, the E2 transfers ubiquitin 
first to the E3, forming a covalent thioester bond between ubiquitin and the 
E3, and only then is ubiquitin transferred to the substrate. The RING E3s act 
as a scaffold, mediating direct ubiquitin transfer from the E2 to the substrate 
(Fig. 10.2, Color plate 16). 
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10.5.2 E3 ligases 

The Arabidopsis genome encodes only eight predicted HECT E3s, designated 
UPL 1-8 (ubiquitin protein ligase). Mammals by contrast have many more 
HECTs (Schwarz et ah, 1998; Downes et ah, 2003). HECT E3 ligases are large 
(up to 400 kDa) single proteins characterized by an HECT domain, a conserved 
350 amino acid domain that was initially identified in the human E6AP E3 
ligase. Ubiquitin is bound to this domain by the E2. Other motifs in this large 
protein, such as Armadillo, IQ calmodulin-binding, C-type lectin-binding, 
transmembrane, ub-interacting motif (UIM), ub-associated (UBA), and ub- 
like (UBL) domains (Downes et ah, 2003), are thought to mediate substrate 
recognition. 

The RING/U-box family gets its name from the founding member in hu- 
mans, ideally Interesting New Gene (RING), whose function was initially not 
clear (Freemont, 1993). The PJNG family is very diverse; some of its members 
are single-subunit scaffolds (e.g., RING/U-box) and some are multi-subunit 
complexes (e.g., Cullin-RING E3 ubiquitin ligases). 

The RING/U-box E3s (Fig. 10.3, Color plate 17) are characterized by either 
a RING finger motif or a structurally related U-box motif. The RING motif, 
a 70 amino acid zinc-binding motif, acts to dock the ubiquitin-loaded E2. 
Substrate recognition is mediated by other motifs in the protein such as WD40. 
Arabidopsis contains >400 RING proteins, but it is unclear whether all of them 
function as E3 ligases. The most conspicuous among the single-subunit E3s are 
constitutive photomorphogenesisl (COP1), seven in Absentia in Arabidopsis 
thaliana 5 (SINAT5), and arm repeat-containingl (ARC1). 

In multi-subunit IUNG E3s, the RING protein is only one subunit in a larger 
complex. Substrate recognition is no longer possessed by the RING protein, 
but by a different subunit. There are two main types of multi-subunit RING 
E3s, Cullin-RING E3 ubiquitin ligases (CRL E3s) and anaphase promoting 
complex (APC) E3s (Fig. 10.3, Color plate 17). 

CRL E3s contain a Cullin protein backbone that acts as a scaffold to coordi- 
nate the RING protein, E2 and substrate-specificity factor subunits. Arabidopsis 
Cullin family contains nine putative members, each Cullin binds to a different 
family of specificity factors (Fig. 10.3, Color plate 17). 

The prototypical CRL is the SCF (Skpl, CDC53, F-Box) complex. The 
plant SCF contains at least four subunits, the RING protein Rbxl, ASK1 
( A-abidopsis SApl), Cullin 1 (Cull), and one of a plethora of F-box proteins. 
Cull serves as the scaffold of the complex, binding Rbxl through its carboxyl 
terminus and the Skpl adaptor protein through its amino terminus (Zheng 
et ah, 2002b). Skpl simultaneously interacts with Cull and an F-box protein 
that binds the substrate (Bai et ah, 1996). 

The F-box family is very diverse in plants and includes about 700 members 
in Arabidopsis. The F-box N-terminus contains a 50-70 amino acid F-box motif 
that is necessary, but not sufficient, for the interaction with Skpl, while the 
rest of the protein can contain different protein-protein interaction motifs, 
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including Leu-Rich Repeats (LRR), Kelch, WD-40, and Armadillo (Arm). F- 
box proteins are classified by these motifs, which are responsible for substrate 
recognition (Schulman et al, 2000). Besides its role in SCF, F-box proteins may 
also function in other processes including DNA replication and transcription 
(Jan et al, 1999; Clifford et al, 2000). 

SCF is the best-characterized E3 in plants so far. The huge diversity in 
Arabidopsis F-box proteins, far larger than in yeast or mammals, correlates 
well with the numerous physiological processes known to be dependent on 
SCFs. These include photomorphogenesis, phytohormone responses, circa- 
dian rhythms, floral development, and senescence, and cellular processes 
such cell cycle, signal transduction, and gene expression. SCF involvement 
occurs via regulating degradation of key signaling molecules (Hershko and 
Ciechanover, 1998; Dharmasiri et al, 2002; Devoto et al, 2003; Itoh et al, 2003; 
Wang et al, 2003; Pagano, 2004). 

Other CRL complexes have different subunit compositions but the core of 
all of them is the Cullin-Rbxl dimer. Arabidopsis Cul4 interacts with Rbxl and 
the CDD complex, and together this complex possesses E3 ligase activity in 
vitro (Chen et al, 2006). The CDD complex is composed of COP10, damaged 
DNA binding protein A (DDBla) and de-etiolated 1 (DET1). The function of 
these proteins will be discussed later (see Section 10.6). This Cul4-based E3 
ligase participates in regulating photomorphogenesis, and mutation in Cul4 
led to the classic cop phenotype (Chen et al, 2006). 

Another type of Cullin-based E3 is the Cul3-BTB complex (Fig. 10.3, Color 
plate 17). This E3 lacks the Skpl and F-box subunit, which are replaced by the 
BTB protein that serves both as the adaptor and as the recognition component 
of this E3 ligase. Arabidopsis genome contains two Cul3s and ~80 BTB proteins. 
Some of these BTBs were shown to interact with both Cul3s in the yeast two- 
hybrid assay (Dieterle et al., 2005). 

10.5.3 Regulation of Cullin RING E3 ligases 

Since CRL E3 ligases are involved in so many plant physiological processes, 
their activity must be exquisitely regulated. The CSN takes an important 
place in this regulation. Copurification of SCF with CSN subunits was the 
first hint at this regulation (Lyapina et al., 2001). For example, the Cull sub- 
unit of Arabidopsis SCF TIR1 immunoprecipitates with the CSN, and vice versa 
(Schwechheimer et al., 2001). Similarly, the COI1 F-box protein of Arabidopsis 
SCF con coprecipitates, in addition to Cull, with four CSN subunits (Feng 
et al., 2003). The mammalian F-box protein Skp2 and Cull were able to pull 
down all CSN subunits in 3T3 NIH cells (Yang et al, 2002). CSN binds to Cull 
and Rbxl via CSN2, CSN6, and CSNl's N-terminal domain. Other CRLs were 
shown to interact with CSN as well, including Cul4A E3s in human and yeast 
(Groisman et al, 2003; Liu et al, 2003). 

All of the above strongly suggest a conserved interaction between CSN 
and CRL E3 ligases, but the nature of this interaction was not clear. Cullins 
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can be modified by conjugation by the ubiquitin-like molecule Nedd8 (in 
Arabidopsis Rubl) via a conjugation cascade similar to the ubiquitin El, E2, and 
E3 process, called Neddylation (or Rubylation in plants). The Arabidopsis Rub8 
El-activating enzyme is the heterodimer Auxin Resistant 1/E1 C-terminall 
(AXR1 /ECR1, in human called AppBPl /hUba3); the E2-conjugating enzyme 
is RUB-conjugating enzymel (RCE1, in human called hUbcl2); and the only 
known E3 is the RING protein Rbxl (Fig. 10.2c, Color plate 16; Liakopoulos 
et al, 1998; Kamura et al, 1999; Gray et al, 2002). 

The conjugation of Rubl to Cul proteins plays a significant role in plant de- 
velopment (del Pozo et al, 2002a; Dharmasiri et al, 2003; Larsen and Cancel, 
2004), and is essential in S. pombe, Caenorhabditis elegans, and mouse develop- 
ment (Osaka et al., 2000; Tateishi et al., 2001). With the notable exception of p53 
(Harper, 2004), Cullins are the only proteins modified by Nedd8. The func- 
tion of Cullin neddylation/ rubbylation has been a matter of intense study 
and debate. This modification appears to stimulate E3 activity by allowing 
the recruitment of an E2 enzyme (Wu et al., 2000; Kawakami et al, 2001). CSN, 
via CSN5, removes Nedd8/Rubl from Cullins in a process called deneddy- 
lation (Cope et al, 2002; Fig. 10.2c, Color plate 16). Evidence from Arabidopsis, 
S. pombe, human, and Drosophila support the idea that CSN possesses dened- 
dylation activity as csn mutants in these organisms accumulate Cullins in 
their neddylated form (Schwechheimer et al, 2001; Doronkin et al, 2002). An 
in vitro rescue experiment illustrated that purified pig spleen CSN could re- 
store deneddylase activity to extracts from csn mutants (Lyapina et al, 2001). 
Moreover, a point mutation in the JAMM motif of S. pombe CSN5 could not re- 
store the csn mutant phenotype of deneddylation, although the CSN complex 
was intact (Cope et al, 2002). Although the deneddylation activity is centered 
in the CSN5 sub unit, the whole complex is essential; for example, mutants of 
fission yeast csnl do not contain an intact CSN and accumulate monomeric 
CSN5, but this CSN5 does not function as a deneddylase enzyme by itself 
(Lyapina et al, 2001). 

The function of deneddylation/ derubbylation has been a bit of a conun- 
drum. Studies initially carried out in Arabidopsis, but later in other organ- 
isms, indicate that in csn mutants, CRL activity is curtailed, and CRL sub- 
strates are stabilized. For example, IAA/AUX proteins, which are substrates 
of the SCF TIR , are stabilized in csn5 underexpression lines (Schwechheimer 
et al, 2001). Another example is the accumulation of Cyclin E in murine 
csnl mutants (Lykke- Andersen and Wei, 2003). This suggests that rubbyla- 
tion inhibits CRL activity and that CSN-mediated derubbylation promotes 
activity. 

However, in vitro experiments supported an opposing mechanism, that 
neddylation activates CRLs. Further in vitro work then showed that CSN- 
mediated deneddylation inhibits SCF activity. For example, Yang et al. (2002) 
showed that cyclin-dependent kinase inhibitor p27 kipl degradation was in- 
hibited upon addition of purified CSN, along with a concurrent accumula- 
tion of Cull in the SCF skp2 E3 ligase. This activity extends to other CRLs as 
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Groisman et al. (2003) showed the addition of purified CSN-prevented sub- 
strate ubiquitylation by a Cul4 E3 ligase. 

The contradiction between the in vivo and in vitro results led to the devel- 
opment of a number of explanations claiming a need for neddylation cycles. 
Dieter Wolf and colleagues proposed a simple unifying hypothesis whereby 
neddylation does indeed activate E3 activity (as per the in vitro results), but 
that proper assembly of the CRL necessitates a deneddylated Cullin (Wolf 
et ah, 2003). If the CRL assembles when the Cullin is neddylated, the sub- 
strate specificity factor, such as the F-box, is itself ubiquitylated and degraded 
before it can bind to its substrate. In this way, the CRL self-destructs before 
it can act on a substrate. This then can explain the contradiction between in 
vivo and in vitro results, as substrate stabilization in csn mutants would then 
result from excess CRL activity targeting its own F-box subunit, thus "turning 
off" the CRL vis-a-vis the F-box substrate (Cope, 2006). Indeed SCF possesses 
self-ubiquitylation activity (Groisman et ah, 2003; Zhou et ah, 2003) so it is 
possible that the cycles of dissociation and reassociation prevent this activity 
and keep the levels of the SCF subunits. 

What is the mechanism by which deneddylation and neddylation activates 
SCF? Unneddylated Cullin specifically interacts with the protein CAND1 
(Cullin- j4ssociated Neddylation Dissociated/TIP120); this interaction leads 
to SCF dissociation and only the core SCF subunits Cullin and Rbxl remain 
to interact with CAND1 (Fig. 10.2b, Color plate 16). Upon reneddylation of 
Cullin, CAND1 leaves the complex, allowing reassembly of the SCF with 
new Skpl and F-box proteins, as well as the E2 conjugating enzyme (Liu 
et ah, 2002a; Zheng et ah, 2002a). This process allows the exchanging of the F- 
box and subsequently matching of the SCF to a new substrate. What triggers 
neddylation and deneddylation is not known. 

Arabidopsis CAND1 was isolated as an enhancer of the tirl mutant. Tirl 
encodes an F-box protein (Chuang et al., 2004). Arabidopsis CAND1 positively 
regulates SCF TIR1 because Aux/IAA protein stability is significantly increased 
when CAN1 is compromised. Interestingly, in vivo studies indicated that lib- 
erating CUL1 from CAND1 is not the primary role of the RUB modification 
pathway in the regulation of SCF activity (Chuang et al. , 2004) . The Arabidopsis 
candl-1 null mutant displays multiple phenotypes affecting all stages of plant 
development, including a cop phenotype, most likely arising from compro- 
mised CRL activity (Feng et al., 2004). 

The anaphase-promoting complex (APC) is the largest and most complex 
multi-sub unit E3 RING enzyme, composed of 8-13 subunits in various eu- 
karyotes. It was originally discovered in yeast and only recently identified in 
Arabidopsis (Irniger et al., 1995; Eloy et al., 2006). Two APC subunits, APC2 and 
APC11, are similar to the SCF subunits Cullin and a RING-protein respectively 
(Tang et al., 2001). In vitro assays showed that recombinant APC11, together 
with an Eland E2, is sufficient for nonspecific polyubiquitin chain formation 
(Gmachl et al., 2000). This result raises the question why such a complicated 
assembly is needed. A possible explanation is that the complex structure is 
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important for substrate recognition and regulation, but the function of most 
APC subunits is still unclear. 

APC is a central cell-cycle regulator, regulating the transition from 
metaphase to anaphase and mitotic exit by controlling the degradation of 
many important cell-cycle regulators, including cyclin A, cyclin B, securing 
(an inhibitor of chromosome separation), and many of the mitotic regulatory 
kinases (Harper et ah, 2002; Peters, 2002). By temporally regulating the degra- 
dation of specific cyclins, and the consequent oscillation in cyclin levels, APC 
can drive or inhibit cell division events in proper order (Murray, 2004). In- 
terestingly, while APC regulates the transition from metaphase to anaphase 
and exit from mitosis, the SCF E3 complexes control the Gj to S transition 
by mediating the degradation of Gl cyclins and CDK inhibitors (Deshaies, 
1999). Thus, different classes of multi-sub unit E3s control different aspects of 
the cell cycle regulation, leading to an exquisite control mechanism. 

10.6 Other COP/DET proteins 

In addition to the cop/det mutations in the genes encoding CSN subunits, three 
more cop/det loci have been identified: Copl, CoplO, and Detl. COP1 was one 
of the first COP/DET/FUS proteins identified and one of the most studied. 
Similar to mutants in the CSN, null copl mutants are lethal after the seedling 
stage and have a strong cop phenotype (Deng et ah, 1991, 1992). In contrast to 
the CSN, viable copl mutant alleles also have a cop phenotype, and COP1 is 
not found in all eukaryotes. A clear COP1 ortholog exists in mammals, but 
has yet to be found in unicellular organisms and invertebrate animals such 
as Drosophila and C. elegans. 

COP1 is a single-subunit RING domain E3 ligase with seven repeats of 
WD40 domain, which is probably responsible for substrate recognition and 
self-dimerization (Holm and Deng, 1999; Holm etal, 2001; Bianchi et ah, 2003). 
COP1 has both nuclear import and nuclear export signals, and in plants this 
subcellular localization is dynamic and controlled by the light environment, 
and dependent on CSN (Chamovitz et ah, 1996). 

COP1 mediates the wide range of plant responses. Microarray analysis 
demonstrated that 20% of the Arabidopsis genome is controlled, directly or 
indirectly, by COP1, including 20% of the putative Arabidopsis transcription 
factors (Ma et ah, 2002). One of the effectors directly downstream of COP1 
in plants is HY5, a bZIP transcription factor. Mutations in HY5 lead to a 
phenotype that is opposite of cop, that is reduced responses to light. COP1 
interacts both genetically and physically with HY5 (Ang et ah, 1998). The 
transcript profiling data demonstrated that many of the genes activated by 
HY5 are repressed by COP1, suggesting opposite function for the two proteins 
(Ma et ah, 2002). In light-grown plants, COP1 localizes to the cytoplasm, while 
HY5 is in the nucleus, activating light regulated genes (Fig. 10.4a, Color plate 
18). In the dark, COP1 relocates from the cytoplasm to the nucleus, where it 
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colocalizes with HY5, and mediates its degradation, repressing HY5-activated 
expression of light-induced genes (Fig. 10.4, Color plate 18; von Arnim and 
Deng, 1994). Support for this hypothesis came from the observation that copl 
mutants accumulate HY5 in high levels in the dark compared with wild type 
(Osterlundet ah, 2000). 

COP1 controls many parallel pathways toward light-dependent growth. 
Another bZIP transcription factor, HYH, which can form a heterodimer with 
HY5, is also degraded in a COPl-dependent manner (Holm et ah, 2002), as 
are two additional transcription factors, LAF1 and HFR1, which are involved 
in promoting photomorphogenesis (Seo et ah, 2003). While COP1 "looks" like 
a ring-E3 ubiquitin ligase, only recently has this been demonstrated. COP1 
can ubiquitylate LAF1 and HFR1. The in vitro assay demonstrated that COP1 
also has an intrinsic E3 activity toward HY5. Interestingly, only one or two 
ubiquitin molecules were conjugated to HY5 by COP1 in vitro (Saijo et ah, 

2003) , suggesting it is not the only E3 active in HY5 degradation, or that the 
in vitro conditions were not optimal for this specific assay. 

COP1 also plays a role in light signaling via regulation of the photore- 
ceptors Phytochrome A (phyA) and Cryptochrome 2 (cry2). These proteins 
are degraded rapidly via the UPS under light conditions (Seo et ah, 2004; 
Fig. 10.4, Color plate 18). COP1 physically interacts with both photoreceptors 
and targets theme for degradation (Yi and Deng, 2005). Interestingly, like with 
HY5, COP1 localized to the same speckles in the nucleus with PFIYA when 
transiently expresses in epidermis onion cells (Seo et ah, 2004) and with LAF1 
tagged protein (Seo et ah, 2003). 

The kinetics of COP1 nuclear export do not jibe with those of light-induction 
of gene expression. The export of COP1 to the cytoplasm takes about 24 h, 
while light-induced genes appear within less than 1 h (Stacey et ah, 1999). 
Thus, there must be a rapid mechanism which stabilizes HY5 from COP1 ac- 
tion prior to the latter 's nuclear export. The affinity of HY5 toward COP1 is 
dependant on FIY5 phosphorylation state, suggesting another level of com- 
plexity, but the identity of this kinase is not known (Hardtke et ah, 2000). 

In mammalian cells COP1 functions in the degradation of c-Jun and p53, 
and consequently COP1 influences many cellular processes (Dornan et ah, 

2004) . In the case of c-Jun, COP1 is probably important for c-Jun degradation 
via interaction with DET1, which is a part of an E3 complex composed of 
DET1, DDB1 (DNA damage-binding protein 1), Cullin4A, and Rocl (Wertz 
et ah, 2004). A similar complex containing DET1, DDB1, cullin4, and Rocl 
was recently found in Arabidopsis, with downregulation of the cullin4 scaffold 
subunit leading to defects in many developmental aspects including photo- 
morphogenesis .(Bernhardt et ah, 2006). These findings suggest a conserved 
E3 ligase that in different organisms was specialized to different pathways. 

detl was the first of the cop/det/fus mutants isolated (Chory et ah, 1989), 
but only recently has the biochemical function of DET1 been elucidated. The 
essentially identical phenotype to copl mutants hinted that DET1 also func- 
tions within the UPS, though its primary sequence gave no hint as to its 
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function. DET1, a 62-KDa protein, is present in a 350-KDa nuclear complex 
with COP10 and DDB1, probably functioning together as an E3 ligase. On 
the other hand, some evidence connects DET1 directly to the transcription 
machinery. Tomato DET1 (also called high pigment 1, HP1) interacts with 
chromatin via the nonacetylated tail of the histone H2B. Upon light expo- 
sure the histone tail is acetylated, leading to the release of DET1 and subse- 
quent derepression of transcription (Benvenuto et ah, 2002). The animal DET1 
together with DDB1 interacts with histone acetyl transferase (HAT) com- 
plexes (Brand, 2001; Martinez et ah, 2001). All these data suggest that a role of 
DET1 complex is to mediate proteolysis of components involved in chromatin 
structure. 

COP10 is nuclear enriched 21-KDa protein that was first identified as an 
essential mediator of HY5 degradation by COP1 (Wei et al., 1994b; Osterlund 
et ah, 2000). It belongs to a family of ubiquitin E2 variants (UEV) that contains 
the ubiquitin-conjugating motif (Ubc) but lacks a critical cysteine residue 
required for ubiquitin conjugation (Sancho et al., 1998; Schwechheimer et al., 
2001). UEVs participate in many cellular processes such postreplicative DNA 
repair and control of the cell cycle (Pickart and Hofmann, 1999), while others 
UEVs work together with an active E2 enzyme; but it is not clear if this is the 
case regarding to COP10. Gel filtration analysis of the wild type background 
showed that COP10 is part of 300 kDa complex and a small fraction can 
be detected also in the monomer fraction. The most attractive model would 
have COP10 working with COP1 to directly ubiquitinate substrates, all this 
regulated by the CSN. Indeed, COP10 directly interacts in yeast with three 
CSN subunits (CSN3, 4, and 8). In csn8 (cop9-l) and csnl (fus6-l) mutants, 
COP10 levels are reduced, and COP10 is present in a complex slightly smaller 
that the wild type COP10 complex (Suzuki et al, 2002). 



10.7 The UPS and plant physiology 

Given the vast diversity of plant E3 ligases, it is not surprising that the UPS is 
involved in a myriad of plant developmental processes. Indeed the list of these 
processes is growing rapidly. The following attempts to briefly overview the 
role of the UPS in key plant processes, but should by no means be considered 
exhaustive. 



10.7.1 Response to phytohormones 

Auxin participates in almost every aspect of plant life. Despite decades of 
research, only recently has the elusive auxin receptor been identified. Identi- 
fication of this receptor, and the prior elucidation of important components of 
the auxin signaling pathway, was enabled through molecular genetic research 
mainly employing Arabidopsis as a model system. 
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The Aux/IAA proteins are short-lived regulatory proteins (Abel et ah, 1994, 
1995), whose rapid turn/over is a major factor in the auxin response. This 
turnover is dependent on the UPS. Various auxin response {axr) mutants 
in Arabidopsis shared a common feature, Aux/IAA stabilization, suggest- 
ing the Aux/IAA are the negative regulators of the auxin response. A sec- 
ond group of mutants in the response to auxin included loss of function of 
the auxin response transcription factors (APvFs). The Arabidopsis genome en- 
codes 29 Aux/IAA genes and 23 ARF genes. Active ARFs induce transcrip- 
tion of genes related to the auxin pathway and the Aux/IAA proteins are 
thought to interact with ARFs to inhibit their activity (Woodward and Bartel, 
2005). 

The E3 responsible for Aux/IAA degradation is SCF TIR1 (Gray et ah, 2001) 
and loss of function mutations in this E3 stabilizes Aux/IAA and leads to an 
auxin response resistance phenotype (Gray and Estelle, 2000; Worley et ah, 
2000). As discussed earlier, the CSN regulates E3 ligases via deneddylation of 
the SCF Cull subunit. Not surprisingly then, an in vivo interaction between 
SCF TIR1 and the CSN was found. Likewise, transgenic Arabidopsis lines with 
reduced CSN5 levels showed auxin response phenotypes similar to that of the 
tirl mutants, including stabilization of the Aux/IAA fused to lucif erase pro- 
tein PSIAA6LUC (Schwechheimer et ah, 2001). Auxin itself plays an important 
role in Aux/IAA proteins turnover; on one hand, it induces transcription of 
the Aux/IAA genes in a CSN-dependent manner (Schwechheimer et ah, 2001), 
and on the other hand, auxin pretreatment of TIRl, the SCF F-box compo- 
nent, enhances its affinity to Aux/IAA and subsequently promotes Aux/IAA 
degradation (Fig. 10.5). Interestingly, pretreatment of Aux/IAA with auxin 
does not change their affinity to TIRl (Kepinski and Leyser, 2004). Subse- 
quently, TIRl was shown to contain a specific auxin binding site and this 
binding promotes the TIRl and Aux/IAA interaction (Dharmasiri et ah, 2005; 
Kepinski, 2005). Thus, the TIRl F-box protein is the elusive auxin receptor, 
with auxin acting as a cofactor to promote E3-dependent ubiquitylation and 
subsequent degradation of the Aux/IAA proteins. 

Another link to the UPS came from the axr mutants that were found on the 
basis of their auxin resistance response phenotype. It turned out that AXR1 
(Auxin Resistance 1) together with ECR1 (El c-terminal 1) form a dimer that 
serves as the El for Rubl (Neddl) conjugation on Cull (see Section 10.5.3 and 
Fig. 10.2c, Color plate 16). 

Jasmonates are potent lipid hormones that mediate defense responses 
against pathogens, responses to mechanical stimulation, and are essential 
for stamen and pollen development (Liechti and Farmer, 2002). Responses to 
this phytohormone are also mediated by an E3 ligase called SCF con for coro- 
natine insensitive (Devoto et ah, 2002; Xu et ah, 2002). Coronatine is a toxin 
similar to methyl jasmonate in structure; coil mutant are male sterile and JA 
insensitive. 

COI1 is an F-box protein and SCF con interacts in vivo with the CSN. 
csnl-1, a weak csn mutant, like coil, shows jasmonate insensitivity suggesting 
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that the CSN plays a roll in jasmonate signaling. The mechanism by which 
this regulation takes place is not clear but it is possible that it mediates the 
degradation of some transcriptional repressors. 

Gibberellins are potent growth regulators in higher plants, implicated in 
numerous physiological processes, including seed development and germi- 
nation, seedling growth, stem and root extension, flower induction and de- 
velopment, pollination, and fruit expansion (Fleet and Sun, 2005). The main 
active components of the GA signaling pathway are the DELLA proteins, five 
copies of which are encoded in the Arabidopsis genome: GAI (GA insensitive), 
RGA (Repressor of gal-3), RGL1, RGL2, and RGL3 (for RGA-like 1, 2, and 3, 
respectively (Peng et al, 1997; Silverstone et al, 1998; Dill et al, 2001; Chandler 
et al, 2002). Although the DELLAs are partially redundant in Arabidopsis, each 
has a unique function and mediates a different pathway. 

The DELLAs are nuclear localized and inhibit the expression of GA respon- 
sive genes, suggesting that they act as transcriptional regulators (Silverstone 
et al., 1998; Fig. 10.5). GA promotes DELLAs degradation through the E3 lig- 
ase SCF SLY1/GID2 [for the F-box protein Sleepy 1 (in Arabidopsis) or Gibberellin 
Insensitive Dwarf 2 (in rice)] (Fig. 10.5). Mutations in SLY1 result in stabi- 
lization of RGA and GAI even in the presence of GA. Likewise SLY1 directly 
binds RGA and GAI and rga or gai mutants partially suppress the slyl-10 
phenotype. All these data strongly suggest that SLEEPY1 is the F-box protein 
for DELLAs (Silverstone et al, 2001; McGinnis et al, 2003; Sasaki et al, 2003; 
Dill et al, 2004; Fu et al, 2004). 

DELLAs stability is regulated also via auxin, where auxin promotes GA- 
dependent degradation of DELLA in the root, whereas ethylene inhibits 
DELLA protein degradation (Fig. 10.5; Achard et al, 2003; Fu and Harberd, 
2003). 

The ethylene response is mediated by the E3 ligase SCF EBF1//2 that is respon- 
sible for the degradation of the ethylene insensitive 3 (EIN3) transcription 
factor. EIN3 normally induces transcription of genes in the ethylene pathway 
and ethylene is known to inhibit SCF EBF1/ ' 2 and consequently to stabilize EIN3 
(Fig. 10.5; Guo, 2003; Guo and Ecker, 2004). 

Recent papers indicated an involvement of the RING E3 keep on going 
(KEG) in the ABA (abscisic acid) response through regulation of ABI5 degra- 
dation. ABI5 is stabilized by ABA treatment, and also in keg mutants (Stone 
et al, 2006). 

10.7.2 The ubiquitin system and other plant processes 

The UPS is implicated in many other plant processes. Proper flower develop- 
ment is dependent on the F-box protein UFO (Levin and Meyerowitz, 1995; 
Ingram et al, 1997; Samach et al, 1999), and SCF LfFO physically interacts with 
CSN (Wang et al, 2003). Accordingly, ufo mutants and weak mutants in the 
CSN have similar floral phenotypes. This phenotype is also seen in Arabidop- 
sis plants that overaccumulate the "e" subunit of eIF3, further supporting a 
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Ubiquitin chain 
DELLA 
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Figure 10.5 The UPS and phytohormones. Auxin interacts with the TIR1 F-box protein 
and induces Aux/IAA polyubiquitylation by SCF TIR1 and subsequent proteasomal 
degradation. Aux/IAA degradation releases ARF inhibition of auxin-induced genes. 
Cibberellic acid (GA) induces polyubiquitylation of DELLA proteins by SCF SLY1 . DELLA 
inhibits transcription of CA-induced genes and its degradation removes this inhibition. 
Auxin also induces, while ethylene inhibits, DELLA degradation. Ethylene inhibits 
SCF EBF1/2 -dependent EIN3 degradation, leading to EIN3 dimer stabilization and activation 
of ethylene-induced gene expression. 
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larger connection between the PCI complexes (A. Yahalom and D. Chamovitz, 
unpublished). The substrate of UFO has yet to be identified. 

Yet another SCF variant, SCF ZTL , regulates circadian rhythms through me- 
diating the degradation of the TOC1 transcription factor (Schultz et ah, 2001). 
The U-box E3 ARC1 (Ushijima et ah, 2003) mediates the self-incompatibility 
response in almond. 

There are several indications that the CSN is involved in immune signaling 
in both plants and animals. The Nicotiana benthamiana Rarl (NbRarl), a zinc- 
finger protein required for the function of the TMV resistance conferring N 
gene, interacts with NbSGTl, which in turn interacts with NbSKPl. Thus, 
NbSGTl represents a new highly conserved SCF subunit. Suppression of 
NbSGTl and NbSKPl abolishes the N-mediated resistance response to TMV. 
Both proteins associate with the CSN and thus not surprisingly, repression of 
the NbCOP9 signalosome also compromises N-mediated resistance to TMV 
(Liu et al, 2002b). 

In Arabidopsis the UPS also plays a role in innate immunity. The sncl nprl-1 
double mutant exhibits high levels of salicylic acid (SA) under nonimmune 
challenging conditions, and as a result displays enhanced resistance toward 
some pathogens. UBA1, one of the two AtEl enzymes, was identified in a 
suppressor screen for proteins that suppress the S A enhancement in sncl nprl - 
1 plants, suggesting UPS activity is essential for the innate immune response 
in plants (Goritschnig et ah, 2007). 

The UPS and CSN are also involved in the Drosophila immune system, 
specifically in the toll pathway, which regulates the Drosophila homologue of 
the NF-kB and IkB, Dorsal and Cactus. csn5 mutants show constitutive nuclear 
localization of Dorsal, and overaccumulation of Cactus (Harari-Steinberg et 
ah, 2007). The Drosophila Skpl homologue is a negative regulator of the second 
immune-signaling pathways, IMD (Khush et al., 2002). 

The CSN, and of course the UPS, is also intimately involved in human innate 
immunity. The CSN copurified with an I-kappaBa kinase activity (Seeger et ah, 
1998); and CSN3 interacts with IKK7 (Hong et al, 2001). 



10.7.3 The UPS and the CSN in cell cycle and DNA damage 

Much research has been carried out investigating UPS involvement in cell 
cycle regulation. One highly studied pathway in plants is the retinoblastoma 
(RB) / E2F / DP pathway that controls cell division and differentiation in plants 
and animals (Gutierrez and Boniotti, 2002). E2F dimerizes with DP to form an 
active heterodimer that induces transcription of genes required for cell cycle 
progression. E2F can also dimerize with RB and as a result its transcription 
activity is inhibited. A study carried out by del Pozo and coworkers (2002b) 
linked this pathway to the UPS in Arabidopsis. First, they showed that E2FC 
degradation is dependent on the SCF SKP2A E3 ligase and that overexpression 
of an undegradable form of E2FC led to cell division delay. Later they showed 
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that even the degradation of DPB is UPS-dependent and is carried out via the 
same SCF SKP2A (del Pozo et al, 2006). 

A number of key studies have connected the CSN to cell cycle control. This 
work has been carried out mainly in nonplant systems. However, considering 
the conservation of CSN function, it is highly likely that CSN impacts cell cycle 
regulation also in plants. Because of this, the following is a brief overview of 
what is known mainly from other systems. 

CSN is involved in cell cycle control both through regulation of key cell 
cycle processes, and through a role in the DNA damage response, which is 
intimately linked with cell cycle control. CSN mediates the degradation of 
at least two key cell-cycle regulators, p27 Kipl and cyclin E. p27 Kipl is an in- 
hibitor of cyclin-dependent kinases (Cdks), and through this mechanism con- 
trols the Gj to S transition (Sherr and Roberts, 1999; Slingerland and Pagano, 
2000). p27 Kipl degradation is carried out following a cascade of events, start- 
ing with p27 phosphorylation by the cyclin E-Cdk2 complex (Sheaff et al, 
1997; Vlach et al., 1997), transportation from the nucleus to the cytoplasm in a 
CSN-dependent manner (Tomoda et al., 1999), ubiquitylation mediated by the 
ubiquitin ligase SCF Skp2 complex (Carrano et al., 1999; Sutterluty et al., 1999; 
Tsvetkov et al., 1999) and subsequent proteolysis by the 26S proteasome. 

p27 Kipl interacts with CSN5 in the nucleus. This interaction leads to the 
export of p27 Kipl to the cytoplasm. CSN5 itself is exported to the cytoplasm 
via interaction with CRM1. Point mutations that abolishes the CSN5- p27 Kipl 
interaction results in p27 Kipl nuclear accumulation and stabilization while 
overexpression of CSN5 or CSN3, 6, 7a, 7b, and 8 but not CSN1, 2, and 4 
led to p27 Kipl destabilization (Tomoda et al, 2002). All of the above strongly 
suggest that CSN subunits mediate p27 Klpl export via the CRM1 mechanism, 
followed by proteasomal degradation, though it is not clear if the entire CSN 
takes part in this, or if CSN-related subcomplexes are involved. 

Cyclin E is an important regulator of the cell cycle, promoting the Gito 
S transition by activating the cyclin-dependent kinase cdk (Knoblich et al., 
1994). Oscillation of cyclin E levels is important for cell cycle progression, and 
is achieved by its regulated degradation. This degradation is mediated by the 
SCFE3 ligase (DealyetaZ., 1999;Strohmaieref a/.,2001). InDrosopfo7a,theF-box 
Archipelago (Ago) participates in cyclin E degradation in the oocyte. Cyclin 
E accumulates in ago mutants and resulting in developmental defects in the 
oocyte. Similar phenotypes were found in csn4 and csn5 mutants suggesting 
that CSN and the SCF work together in the cyclin E degradation pathway 
(Doronkin et al., 2003). Similarly, Murine csnl null mutants accumulate cyclin 
E, arrest at the peri-implantation stage and like Drosophila mutants, suffered 
from severe developmental defects (Lykke- Andersen and Wei, 2003). 

Ribonucleotide reductase (RNR) is found in all organisms and provides the 
only mechanism to supply precursors needed for both synthesis and repair of 
DNA, by reduction of NTPs to dNTPs (Jordan and Reichard, 1998). S-phase 
necessitates a sufficient pool of dNTPs. In S. pombe when there is no need 
for dNTPs, the small subunit of RNR is anchored to the nucleus by a small 
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protein called Spdl (S-phase delayed protein), thereby inhibiting RNR ac- 
tivity. Spdl is degraded upon S-phase or DNA damage signals by the pro- 
teasome, and thus the small subunit can be exported to the cytoplasm and 
form the active holoenzyme with the RNR large subunit. Not surprisingly 
then, the S. pombe csnl-d and csn2-d mutants display slow growth and an 
extended S-phase phenotype (Mundt et al, 2002). DDB1-PCU4 (Cul4) serves 
as an E3 ligase complex when Cdt2 is its adaptor that recognizes Spdl. The 
CSN, DDB1, and PCU4 biochemically copurify from S. pombe, indicating pos- 
sible cooperation in SPD1 degradation (Liu et al, 2003, 2005; Bondar et al, 
2004). Interestingly, only CSN1 and CSN2, but not the other CSN subunits, 
are required for SPD1 degradation, suggesting a mechanism distinct from 
deneddylation by which the CSN controls SPD1 degradation. 

The CSN is also involved in U V-induced nucleotide excision repair (NER) in 
mammalian cells through DDB2 and CSA, which are known as NER proteins. 
Two distinct mega-complexes are involved in this. Each contains the CSN, 
DDB1, CUL4A, and ROC1, and they differ by binding either DDB2 or CSA. 
These two complexes are differently regulated by the CSN. CSN binds to the 
Ddb2 complex in the absence of UV. Upon UV irradiation, the CSN dissociates 
from the complex and CUL4A is neddylated. Following DNA repair, the 
CSN reassociates and CUL4A is deneddylated. Alternatively, the CSN is free 
from CSA complex under normal conditions, but binds it rapidly after UV 
irradiation and they both associate with chromatin so that E3 ligase activity 
is suppressed during UV-induced DNA damage (Groisman et al, 2003). 
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Abstract: The function of the eukaryotic cell depends on regulated and reciprocal 
communication between its different compartments. This includes the exchange of 
metabolic intermediates and energy equivalents but also exchange of information. 
The presence of genes encoding organellar proteins in both the nucleus and the 
organelle necessitates tight coordination of expression by the different genomes, 
and this has led to the evolution of retrograde control. Retrograde (organelle-to- 
nucleus) signaling coordinates the expression of nuclear genes encoding organellar 
proteins with the metabolic and developmental state of the organelle. Complex net- 
works of retrograde signals coordinate cellular activities and assist the cell during 
plant development and stress response. 

Keywords: retrograde communication; plastids; mitochondria; ROS; GUN 



11.1 Introduction 



The eukaryotic cell is subdivided into functionally distinct, membrane- 
enclosed compartments or organelles and proper function of the cell depends 
on tightly regulated exchange of metabolic intermediates, energy equivalents, 
and information between these different compartments. The chloroplasts and 
mitochondria, which evolved from free-living prokaryotic organisms that en- 
tered the eukaryotic cell through endosymbiosis, have retained their own dis- 
tinct genomes. However, while the genome of the cyanobacterium Synechocys- 
tis, which shares the same ancestor as the chloroplast, encodes more than 3100 
genes (Kotani and Tabata, 1998), the plastid genome codes for less than 100 
of the estimated 3000 proteins in the chloroplast (Leister, 2003). The gradual 
conversion from endosymbiont to organelle during the course of evolution 
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has clearly been accompanied by a dramatic reduction in genome size as the 
organelles lost most of their genes to the nucleus and became dependent on 
their eukaryotic host. The genes that remained in the chloroplast and the mi- 
tochondrial genome are photosynthesis- or respiration-related, respectively 
or encode components of the organelle gene expression machinery (rRNA, 
tRNA, and some ribosomal proteins; Unseld et ah, 1997; Wakasugi et ah, 2001). 
Thus, the majority of the organellar proteins are encoded in the nucleus and 
the presence of genes encoding organellar proteins in different cellular com- 
partments presents the complex problem to coordinate the activities of the 
different genomes of the plant cell (Surpin and Chory, 1997; Surpin et ah, 
2002; Richly et ah, 2003). In order to achieve this coordination, mechanisms to 
orchestrate nuclear and organellar gene expression have evolved and these 
include both anterograde (nucleus-to-organelles) and retrograde (organelles- 
to-nucleus) controls (Rodermel and Park, 2003). Anterograde mechanisms 
coordinate gene expression in the organelle with cellular and environmen- 
tal cues that are perceived and choreographed by genes in the nucleus. This 
type of traffic includes nuclear-encoded proteins that regulate the transcrip- 
tion and translation of organellar genes. Retrograde (organelle-to-nucleus) 
signaling, on the other hand, coordinates the expression of nuclear genes en- 
coding plastid proteins with the metabolic and developmental state of the 
plastid and mitochondria (Fig. 11.1; Susek et ah, 1993). 



1 1 .2 Plastid-to-nucleus communication 



The photosynthetic apparatus is composed of proteins encoded by genes from 
both the nucleus and the chloroplast. For example, in the photosynthetic elec- 
tron transport complexes of the thylakoid membrane, the core subunits are 
encoded by the chloroplast genome and the peripheral subunits are encoded 
by the nuclear genome. In the stroma, the large subunit of Rubisco is chloro- 
plastically encoded whereas the small subunit is nuclear encoded. To ensure 
that all these photosynthetic complexes are assembled stoichiometrically, and 
to enable their rapid reorganization in response to a changing environment, 
the plastids emit signals that regulate nuclear gene expression to match the 
status of the plastids (Mayfield and Taylor, 1984; Burgess and Taylor, 1988; 
Taylor, 1989; Susek et ah, 1993; Beck, 2005). It is now clear that several dif- 
ferent plastid processes produce signals influencing nuclear photosynthetic 
gene expression (Beck, 2005; Nott et ah, 2006) and it has been demonstrated 
that different signals are produced at different developmental stages (Sullivan 
and Gray, 2002). To date, the best-characterized plastid signals are mediated 
through (1) changes of the redox state of the chloroplast, (2) reactive oxygen 
species, (3) the organellar transcriptional and translational activity (PGE), 
and (4) accumulation of the tetrapyrrole Mg-protoporphyrinIX (Mg-ProtoIX; 
Figs. 11.1 and 11.2). 
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Figure 11.1 Model of retrograde signaling between the organelles and the nucleus. 
The organelles produce multiple signals at different times of their development, and in 
response to changes in the environment, that orchestrate major changes in nuclear gene 
expression. To date, the best-characterized plastid signals are mediated through (1) 
changes of the redox state of the chloroplast, (2) reactive oxygen species, (3) plastid 
transcriptional and translational activity (PGE), and (4) accumulation of the tetrapyrrole 
Mg-ProtolX. The signals described involved in mitochondria-to-nucleus communication 
are (1) reactive oxygen species, (2) TCA intermediates, and (3) mitochondrial 
transcriptional and translational activity. 



1 1 .2.1 Chloroplast "redox signals" 

In photosynthesis, light energy is absorbed by the light harvesting antennae 
and converted into chemical energy by the reaction centers. However, when 
photon intensity exceeds the photon utilization capacity of the chloroplast, 
photosynthesis becomes photoinhibited and the reaction centers, particularly 
photosystem II, can become irreversibly damaged and require repair (Aro 
et ah, 1993a,b). Furthermore, elevated excitation pressure has been demon- 
strated to increase the production of reactive oxygen species (ROS; Karpinski 
et ah, 1997; Huner et al, 1998; Foyer and Allen, 2003) and the damaging effects 
of ROS include oxidation of lipids, proteins, and enzymes necessary for proper 
function of the chloroplast and the cell as a whole (Foyer and Allen, 2003). In 
order to avoid such damage, plants are able to sense when photon intensity 
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exceeds the photon utilization capacity of the chloroplast and communicate 
this information to stimulate changes in nuclear and chloroplast gene expres- 
sion. Recent microarray experiments have revealed that the expression of a 
large number of nuclear-encoded genes is affected by exposure to high light 
(Rossel et ah, 2002; Kimura et ah, 2003; Richly et ah, 2003; Vanderauwera et ah, 

2005) and in a study investigating the response to excess light of the differ- 
ent photoreceptors, phyA, phyB, cryl, and cry2, the blue light receptor cryl 
was shown to act as a mediator of excess light stress (Kleine et ah, 2007). As a 
consequence the cryl mutant displayed a light-sensitive phenotype with a sig- 
nificant photoinactivation of PSII following exposure to excess light (Kleine 
et ah, 2007). This indicates that light stress can also be sensed in a chloroplast- 
independent manner by a cytosolic/ nucleic component. However, the vast 
majority of the high light-regulated genes are probably regulated by signals 
independent of cryl and most likely originating from redox changes in the 
chloroplast. 

11.2.1.1 Plastid signals associated with the rate of electron transport 

The redox state of the plastoquinone electron carrier pool (PQ) was shown 
to be correlated with the expression of photosynthetic genes encoded in both 
the chloroplast and the nucleus (Fig. 11.2; Escoubas et ah, 1995; Huner et ah, 
1998; Pfannschmidt et ah, 1999, 2001; Pfannschmidt, 2003). However, subse- 
quent detailed analysis in cyanobacteria and higher plants using inhibitors 
of electron transport and wavelengths that preferentially excited either PSII 
or PSI, demonstrated that the redox state of the PQ pool was not the major 
source of the high-light chloroplast-to-nucleus communication signal (Hihara 
et ah, 2003; Fey et ah, 2005; Piippo et ah, 2006). Light shift experiments, com- 
bined with DCMU, demonstrated that only 54 Arabidopsis genes were "ideal 
redox regulated genes" or regulated directly by the reduction state of PQ 
(Fig. 11.2; Fey et ah, 2005). Among those 54 genes, none encoded components 
directly associated with photosynthesis. In a more recent study, the origin 
of the chloroplast signal was investigated in Arabidopsis by modulating the 
redox state of the PQ pool using wavelengths of light that preferentially ex- 
cited either PSII or PSI (Piippo et ah, 2006). Elements on the reducing side of 
PSI were shown to be of greater importance in light-regulated modulation of 
nuclear gene expression than was the redox state of PQ (Fig. 11.2; Piippo et ah, 

2006) . Furthermore, the steady state C02-fixation rate was clearly reflected 
in the orchestration of the expression of nuclear-encoded photosynthesis- 
related genes (Fig. 11.2), suggesting that the metabolic activity of the chloro- 
plast could also be a source of plastid signals (Piippo et ah, 2006). Thus, the 
more recent work suggests that rather than the reduction state of the PQ itself, 
the generation of metabolites or signaling molecules during photosynthesis 
is more likely to be involved in the relay of information from chloroplasts 
to the nucleus. This new model is attractive because the redox state of the 
down stream components of the photosynthetic electron transport chain can 
be directly affected by the energy balance of the cell. 
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Figure 11.2 Model showing the potential outputs from the plastid that may initiate 
plastid-to-nucleus communication. (1) The reduction state of the plastoquinone pool; 
(2) the reducing side of PSI; (3) C0 2 fixation rate; (4) accumulation of hydrogen peroxide 
(H2O2); (5) accumulation of singlet oxygen ('O2); (6) inhibition of plastid transcription or 
translation; and (7) accumulation of the tetrapyrrole Mg-ProtolX. 



The actual mechanism(s) of how the plant cell can convey the changes in 
redox status of the chloroplast to the nucleus is still unknown. Nakamura 
and Hihara (2006) recently reported that a small LuxR-type regulator in Syne- 
chocystis, PedR, could work as a sensor for the availability of reducing equiv- 
alents supplied from the photosynthetic electron transport chain. The mutant 
demonstrated mis-regulation of several genes encoding components associ- 
ated with chlorophyll biosynthesis (Nakamura and Hihara, 2006). The reduc- 
ing equivalents from electron transport triggered a conformational change 
critical for the activity of the PedR protein and when the supply of reduc- 
ing equivalents from photosynthetic electron transport increases upon ele- 
vated irradiation PedR was found to be inactivated through a conformational 
change (Nakamura and Hihara, 2006). This mechanism enables a transient in- 
duction or repression of the target genes in response to sudden changes in 
the light environment. 

Furthermore, a unique light- and redox-controlled protein phosphorylation 
system has evolved in plant thylakoid membranes where intrinsic protein 
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kinases are activated by light or reducing conditions and subsequently phos- 
phorylate the membrane proteins of photosystem II and its light-harvesting 
antenna LHCII (Vener et ah, 1998). The phosphorylation state of these pro- 
teins has been suggested to be involved in the regulation of LHC expression 
in the nucleus (Rintamaki et ah, 1997). A small (9 kDa) plant-specific sol- 
uble phosphoprotein (TSP9) was found to be released from the thylakoid 
membrane into the stroma in response to phosphorylation in the light by the 
redox-dependent protein kinases (Carlberg et ah, 2003). The TSP9 protein was 
suggested to play a role in cell signaling and the regulation of gene expression 
in response to changing light conditions (Carlberg et ah, 2003). However, such 
a role for TSP9 has not yet been established. 

11.2.1.2 Reactive oxygen species 

At high irradiances, and other stress conditions such as exposure to low tem- 
perature, the equilibrium between production and scavenging of ROS is per- 
turbed, resulting in a transient increase in ROS levels (Karpinski et ah, 2003). 
The ROS generated in chloroplasts are singlet oxygen CO2) by PSII and the 
superoxide anion (O* ) formed at PSI due to an over-reduction of electron 
carriers, leading to the reduction of oxygen (the Mehler reaction). The accu- 
mulating 0*~ can be metabolized to H2O2 (Mullineaux and Karpinski, 2002; 
Apel and Hirt, 2004). The damaging effects of ROS are oxidation of lipids, 
proteins, and enzymes necessary for the proper function of the chloroplast 
and the cell as a whole (Foyer and Allen, 2003). Plants have developed sev- 
eral strategies to protect themselves against excess ROS. Carotenoids, toco- 
pherols, glutathione, and ascorbate are all ROS scavengers (Niyogi, 1999). 
ROS-converting enzymes such as superoxide dismutase (SOD), ascorbate 
peroxidase (APX), catalase (CAT), glutathione peroxidases (GPX), and per- 
oxiredoxin (PrxR) that can dismutate O2 radicals and scavenge H2O2 play 
an important role in ROS defense mechanism (Niyogi, 1999; Mittler et ah, 
2004; Chapter 7). In correlation with the increased production of ROS, there is 
an induction of nuclear genes encoding proteins involved in the antioxidant 
defense system (Karpinski et ah, 1997, 1999). Changes in concentrations or 
rates of ROS production could be initiators of signaling pathways originat- 
ing in the chloroplast (Mullineaux and Karpinski, 2002). Increases in foliar 
H2O2 concentrations have been shown to be important for the induction of 
the ascorbate peroxidase gene APX2, and for the expression of a number of 
genes involved in plant development, stress responses, and programmed cell 
death (Fig. 11.2; Pnueli et ah, 2003; Vanderauwera et ah, 2005; Gadjev et ah, 
2006). 

A specific function for ! 02 in retrograde communication was discovered 
by the conditional fluorescent (flu) mutant of Arabidopsis (Fig. 11. 2). FLU is 
a nuclear-encoded chloroplast protein that plays a key role during nega- 
tive feedback control of chlorophyll biosynthesis, through interaction with 
GluTR (Meskauskiene et ah, 2001; Meskauskiene and Apel, 2002). Inactiva- 
tion of this protein in the flu mutant leads to the over accumulation of free 
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protochlorophyllide (Pchlide). Following light excitation of Pchlide, 1 C 1 2 is 
generated in the plastid and the flu mutant can therefore be used to induce 
the release of 1 C 1 2 in a controlled and noninvasive manner. Transcriptome anal- 
ysis of the flu mutant demonstrated that the release of 1 02-activated genes 
involved in the cell death-regulating pathway (Danon et ah, 2005). Interest- 
ingly, the most strongly induced genes in the flu mutant are genes encoding 
ethylene-responsive element-binding proteins that are indicative of ethylene 
signaling (Gadjev et ah, 2006). The identification of a suppressor mutant of the 
flu mutant, executerl, contributed to further understanding of the mechanism 
of cell death triggered by 1 G , 2 (Wagner et ah, 2004). The executerl flu double 
mutant over accumulates 1 C , 2 but abrogates the stress responses of the flu 
mutant. EXECUTER1 has homologs in all higher plants but is unrelated to 
any known protein. The N-terminal of EXECUTER1 resembles the import 
signal sequences of plastid proteins. Hence, EXECUTER1 represents a highly 
conserved plastid protein that seems to enable higher plants to perceive the 
release of 1 C>2 as a stress signal and to activate a genetically determined stress 
response program. Results from Wagner et ah (2004) suggested that, depend- 
ing on the 1 C>2 levels, two different cell death programs are triggered. First, 
when the 1 C , 2 levels are low EXECUTER1 -dependent cell death program is 
triggered. Second, when 1 C , 2 levels are high the EXECUTER1 -independent 
cell death takes place. This second cell death reaction seems to be caused 
primarily by the toxicity of elevated levels of 1 C 1 2. 

Different stress conditions might provoke the production of specific ROS, 
which may modulate nuclear gene expression specifically (Gadjev et ah, 2006; 
Laloi et ah, 2007). Transcriptome analysis using the flu mutant and the her- 
bicide paraquat demonstrated that 1 0 2 activates a distinct set of genes that 
are different from those induced by superoxide (0*~) and /or H2O2, suggest- 
ing that different types of reactive oxygen species activate distinct signaling 
pathways (Laloi et ah, 2007). Furthermore, by using a transgenic line over- 
expressing the thylakoid bound ascorbate peroxidase (tAPX) gene, the level 
of H2O2 in the plastids could be modulated noninvasively. Overexpression 
of the F^Cvspecific scavenger strongly reduced the activation of nuclear 
genes in plants treated with the herbicide paraquat, which in the light leads 
to the enhanced generation of 0*~ and H2O2. In the flu mutant background, 
overexpression of tAPX resulted in significantly higher 1 C , 2-mediated induc- 
tion of nuclear-encoded genes, compared to wild-type plants overexpressing 
tAPX. These results suggest that H2O2 antagonizes the x 02-mediated stress 
responses observed in the flu mutant. This cross-talk between H2O2- and 
1 C , 2-dependent signaling pathways may contribute to the fine-tuning of the 
response to environmental stresses. 

1 1 .2.2 The response to inhibition of plastid gene expression 

Some of the earliest evidence for the existence of a "plastid signal" came from 
studies of mutants with morphologically aberrant plastids. These mutants 
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are either albinos, have a pale phenotype, or show white-green variegations. 
Several mutants within these categories demonstrated reduced expression of 
nuclear-encoded plastid components, including mutants with defective plas- 
tid protein synthesis such as the plastid ribosome-deficient albostrians barley 
mutant and the Brassica napus al mutant (Bradbeer et al., 1979; Hess et al., 1994; 
Zubko and Day, 1998). These mutants show reduced expression of nuclear- 
encoded plastid components suggesting that functional plastids are required 
for induction of nuclear-encoded photosynthetic genes (Fig. 11 .2). The pheno- 
type of these mutants can be mimicked by treating wild-type seedlings with 
inhibitors of organellar protein translation such as lincomycin, erythromycin, 
and chloramphenicol (Oelmuller and Mohr, 1986; Sullivan and Gray, 1999, 
2000, 2002). Interestingly, inhibitors of plastid transcription and translation 
have no effect on the induction of LHC and RBCS expression if applied later 
than 48-72 h after germination. This result suggests that the plastid signal 
necessary for the induction of nuclear-encoded photosynthesis genes must 
involve a product of early plastid gene expression (PGE; Sullivan and Gray, 
1999, 2000). 

The decrease in expression of nuclear-encoded photosynthesis genes in 
pea seedlings treated with lincomycin and erythromycin (Sullivan and Gray, 
1999) was phenocopied in the prorsl-1 and prorsl-2 mutants. The prorsl mu- 
tants were isolated as mutants with a decrease in effective PSII quantum yield 
(Pesaresi et al., 2006) and the mutations were found in the 5'-untranslated re- 
gion of the nuclear gene PROLYL-tRNA SYNTHETASE1 (PRORS1). PRORS1 
is necessary for translation of the plastidic- and mitochondrial-encoded pro- 
teins. The mutation leads to transcriptional downregulation of nuclear genes 
encoding proteins involved in the photosynthetic light reactions, whereas 
genes encoding other chloroplast proteins, such as those related to carbohy- 
drate metabolism, were found to be upregulated (Pesaresi et al., 2006). To 
discriminate the influence of PRORS1 on the regulation of nuclear photosyn- 
thetic gene expression, against the influence of PRORS1 on the plastid and 
the mitochondria, two mutants were used with altered organellar translation: 
prplll-1 with a defect plastid ribosome and mrplll with a defect mitochon- 
drial 50S subunit (Pesaresi et al., 2006). Impaired protein synthesis in either 
mitochondria or chloroplast failed to convey a transcriptional response such 
as that observed in the prorsl mutants. Thus, only when protein synthesis of 
both organelles was affected, as in the mrplll prplll-1 double mutant, was 
a prorsl like transcriptional response observed. The results of Pesaresi et al. 
(2006) imply that both organelles cooperate in regulating the expression of 
nuclear photosynthetic genes (Fig. 11.3). 

11.2.3 The tetrapyrrole-mediated pathway 

Higher plants synthesize four major tetrapyrrole molecules via a common 
branched pathway: chlorophyll, heme, sitoheme, and phytochromobilin. 
Many tetrapyrroles are excited by light and if left unquenched they can form 
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highly toxic radicals. Tetrapyrrole synthesis is therefore tightly regulated to 
prevent the accumulation of intermediates that may endanger the plant cell. 
Perturbations in the tetrapyrrole pathway have been shown to affect nuclear 
gene expression in both green algae and higher plants (Beck, 2005). 

11.2.3.1 The gunl-5 mutants revealed Mg-ProtoIX as a plastid signal 

The genome uncoupled mutants, or gunl-5 mutants are Arabidopsis mutants 
where the communication between the chloroplast and the nucleus has been 
disrupted (Susek et al., 1993). The gun mutants express nuclear-encoded pho- 
tosynthetic genes when grown on norflurazon (Susek et al., 1993; Mochizuki 
et al., 2001; Koussevitzky et al., 2007). Norflurazon inhibits phytoene desat- 
urase in carotenoid biosynthesis. The photooxidation caused by norflurazon 
treatment is limited to the plastid and results in complete destruction of the 
thylakoid membrane but does not affect the envelope membrane (Oelmuller 
and Mohr, 1986; Puente et al, 1996). The resulting inhibition of chloroplast 
function leads to decreased transcription of nuclear-encoded photosynthetic 
genes, as demonstrated by nuclear run-on assays (Burgess and Taylor, 1988). 
Four of the GUN genes encode components closely associated with the 
tetrapyrrole biosynthesis. The gunl and gun3 mutations are alleles of hyl and 
hyl, respectively. HY1/GUN2 encodes heme oxygenase and HY2/GUN3 en- 
codes phytochromobilin synthase. These enzymes are required for the synthe- 
sis of phytochromobilin, the chromophore of phytochrome (Mochizuki et al., 
2001). Repression of chlorophyll synthesis in these mutants is thought to be 
mediated through allosteric inhibition by heme accumulation of glutamyl 
tRNA reductase, which catalyzes the conversion of glutamate to ALA (Beale, 
1999; Terry and Kendrick, 1999). The GUN5 gene encodes the H-subunit of 
Mg-chelatase (Mochizuki et al., 2001). Mg-chelatase catalyzes the first reac- 
tion in the "chlorophyll branch" of tetrapyrrole biosynthesis, inserting Mg 2+ 
into the protoporphyrin ring and is composed of three subunits referred to 
as ChlH, ChlD, and Chll (Jensen et al., 1996). GUN4 encodes a novel chloro- 
plast protein demonstrated to bind both protoporphyrinIX (ProtoIX) and Mg- 
protoporphyrin (Mg-ProtoIX) and to activate Mg-chelatase in vitro (Larkin 
et al., 2003). GUN4 is predicted to be a soluble protein but has been localized 
to the chloroplast stroma, thylakoids, and envelopes. GUN4 could also play 
a role in photoprotection by binding the photooxidizing ProtoIX and Mg- 
ProtoIX. Consistent with this proposal is the observation that guni seedlings 
bleach under high light (Larkin et al., 2003). Thorough characterization of the 
genome uncoupled mutants, gunl and gun5, with restrictions in defined steps 
in tetrapyrrole biosynthesis, provided conclusive evidence that Mg-ProtoIX 
acts as a signaling molecule initiating retrograde communication between 
the chloroplast and the nucleus (Fig. 11.2; Strand et al, 2003; Nott et al, 2006). 
Mg-ProtoIX has been shown to accumulate under stress conditions affecting 
the structure and function of the thylakoid membrane and acts as a negative 
regulator of nuclear-encoded photosynthesis genes (Strand et al., 2003; Wilson 
et al., 2003). In the genome uncoupled mutants gun2 and gun5, Mg-ProtoIX 
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does not accumulate to the same critical amount during stress due to reduced 
flux through the tetrapyrrole pathway. As a result, the plastid signal is lost in 
these mutants and expression of a large number of nuclear genes encoding 
chloroplastic proteins directly associated with the photosynthetic reaction is 
maintained (Strand et ah, 2003; Koussevitzky et ah, 2007). 

In addition to exerting control over nuclear gene expression, stress-induced 
accumulation of Mg-ProtoIX also affects the expression of the plastid-encoded 
photosynthesis genes. Transcription of chloroplast-encoded genes in higher 
plants is performed by two RNA polymerases, plastid-encoded RNA poly- 
merase (PEP), and nuclear-encoded RNA polymerase (NEP). Similar to the 
nuclear-encoded photosynthesis genes, expression of the PEP-dependent 
plastid-encoded photosynthesis genes psbA,psbD ,psaA,psaC, and rbcL was 
mis-regulated following norflurazon treatment in the gun5 mutant (Ankele 
et ah, 2007). In contrast, expression levels of the NEP-dependent genes RpoB, 
AccD, ClpP, and Rpl33 (Hess et ah, 1993; Hajdukiewicz et ah, 1997; Liere et ah, 
2004) was not repressed by the norflurazon treatment and no difference in 
expression levels could be found between the gun5 mutant and wild type 
(Ankele et ah, 2007). The de-repression of the plastid-encoded photosynthesis 
genes in the gun5 mutant could be matched with the maintenance of expres- 
sion of the nuclear-encoded plastidic sigma factors necessary for the func- 
tion of the multi-subunit enzyme PEP. Thus, in addition to exerting control 
over nuclear-encoded photosynthesis genes, stress-induced accumulation of 
Mg-ProtoIX also affects the expression of the plastid-encoded photosynthe- 
sis genes by controlling the expression of the sigma factors necessary for the 
function of the multi-subunit enzyme PEP. 

11.2.4 CUN1 and ABI4 act in concert in response 
to plastid-derived signals 

The fifth of the GUN genes, GUN1 was recently cloned and found to en- 
code a chloroplast-localized pentatricopeptide-repeat (PPR) containing pro- 
tein (Koussevitzky et ah, 2007). GUN1 encodes a member of the P-subfamily 
of the PPR proteins. A majority of the PPR proteins are targeted to the mi- 
tochondria or the plastids where they have been proposed to function in 
processing, editing, stability, and translation of RNA molecules (Lurin et ah, 
2004). Among the gun mutants, gunl is the only mutant that shows a gun 
phenotype when grown in the presence of lincomycin as well as of norflu- 
razon. Furthermore, the gunl mutant was demonstrated to be insensitive to 
the accumulation of Mg-ProtoIX induced by treatment with dipyridyl (DP) in 
addition to norflurazon. Unlike the GUN2-GUN5, GUN1 does not seem to be 
involved in chlorophyll biosynthesis, indicating that it is acting downstream 
of Mg-ProtoIX accumulation. Thus, the gunl mutant was proposed to be af- 
fected in both the Mg-ProtoIX mediated and the PGE pathway (Koussevitzky 
et ah, 2007). However, treatment with norflurazon and resulting accumula- 
tion of Mg-ProtoIX was recently demonstrated to also affect the transcription 
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of the plastid-encoded photosynthesis genes through an effect on expression 
of the nuclear-encoded sigma factors (Ankele et al., 2007). Thus, norflurazon 
treatment may also trigger the PGE pathway as a secondary effect. 

The promoter regions of the genes mis-regulated in the gunl mutant when 
grown on norflurazon were found to be enriched in an abscisic acid (ABA) 
response element (ABRE). When mutants affected in ABA synthesis or re- 
sponses were tested for a gun phenotype, only one ABA-related mutant, abi4 
showed LHCB mRNA accumulation when chloroplast function was impaired 
(Koussevitzky et al., 2007). ABM encodes an AP2-type transcription factor and 
several lines of evidence presented by Koussevitzky et al. (2007) indicated 
that GUN1 and ABM act in the same signaling pathway. The gunl mutant is 
epistatic to abi4; LHCB expression levels in the gunlabi4 double mutant were 
similar to the gunl single mutant. Yeast one-hybrid assays indicated that 
ABM binds the LHCB promoter. From these data Koussevitzky et al. (2007) 
suggest that multiple signals from damaged chloroplasts converge on a com- 
mon pathway to regulate nuclear gene expression. The existence of a major 
"Master switch" that coordinates several plastid signals and regulates the 
expression of the nuclear-encoded plastid proteins as a whole has been sug- 
gested (Richly et al., 2003) and ABM may be the proposed "Master switch." 
The gunl and abi4 mutants are affected in both the PGE- and the Mg-ProtoIX- 
mediated pathways and a model is proposed by Koussevitzky et al. (2007) 
where several plastid signals are integrated within the plastids, and GUN1 is 
required to either generate or transmit a second, common signal to the nucleus 
following growth on norflurazon or lincomycin (Fig. 11.1). To further under- 
stand the possible role of GUN1 as a coordinator of multiple plastid signals 
it would be interesting to investigate, without treatment with any inhibitors, 
the relationship between GUN1, PRORS1, and ABM (Fig. 11.1). 

11.3 Mitochondria-to-nucleus communication 

Plant mitochondria contain a minimum of 325-450 proteins and of those only 
about 60 are encoded by the mitochondrial genome (Unseld et al, 1997; Notsu 
et al., 2002). Thus, similar to the chloroplast, most of the mitochondrial pro- 
teins are nuclear encoded and mitochondria-to-nucleus communication, re- 
ferred to as mitochondria retrograde regulation (MRR), is necessary for proper 
mitochondrial function. Much less is known about MRR compared to the 
plastid-to-nucleus communication in plants, and most of our knowledge of 
MRR comes from yeast or mammalian systems. Experimental results from 
budding yeast demonstrate a connection between retrograde communica- 
tion and nutrient sensing, TOR signaling and aging (Liu and Butow, 2006). 
Although little is known about MRR in plant cells, several studies indicate 
that plant mitochondrial dysfunction such as disruption of the electron trans- 
port or the TCA cycle, leads to changes in nuclear gene expression (Fig. 11.1; 
Vanlerberghe and Mcintosh, 1992, 1994, 1997). 
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11.3.1 Tetrapyrroles involved in mitochondria-to-nucleus 
communication 

In yeast (Sacharomyces cerevisiae) heme synthesized in the mitochondria has 
been shown to regulate transcription of nuclear genes encoding mitochon- 
drial proteins (Forsburg and Guarente, 1989). Heme synthesis is directly 
correlated with oxygen levels in the cellular environment and when cells 
are grown aerobically heme is synthesized in the mitochondria. Thus, heme 
functions as a regulatory switch between anaerobic to aerobic growth. The 
oxygen-dependent regulation of the expression of the genes encoding compo- 
nents of the mitochondrial electron transport chain (mtETC) involves heme- 
dependent transcription factors such as HAPlp (heme-activating protein) and 
the HAP2 / 3/4/5p complex. HAP1 p is a transcriptional activator that initiates 
the expression of several genes encoding mtETC proteins (Kwast et al, 1998) 
and also activates expression of the ROX1 gene, encoding the aerobic repressor 
that represses genes encoding proteins required for anaerobic growth (Zhang 
and Hach, 1999). A current model suggests that heme binds to the "sensory 
domain" of HAPlp that is part of a DNA-bound, repressed complex (Kwast 
et ah, 1998). The result is the formation of a smaller HAPlp-containing com- 
plex that is transcriptionally active (Kwast et ah, 1998). The Arabidopsis genome 
has not revealed any homologs of the yeast HAP1 protein, so it remains to 
be clarified whether plant mitochondria also communicate with the nucleus 
via heme-HAPlp. The HAP2/3/4/5p complex is also involved in oxygen- 
induced activation of several nuclear genes encoding yeast mtETC proteins 
(Schuller, 2003). However, the mode of action of the HAP2/3/4/5p complex 
and the potential involvement of heme in its regulation is not clear (Kwast 
et ah, 1998). In the Arabidopsis genome there are multiple genes encoding ho- 
mologs of HAP2, 3, and 5 (Gusmaroli et al, 2002) and the Arabidopsis genes 
were able to complement yeast mutants (Edwards et ah, 1998). The presence 
of multiple forms of each HAP homolog in Arabidopsis, in contrast to the sin- 
gle genes in yeast and vertebrates, suggests that the HAP2, 3, 5 complex may 
play diverse roles in gene transcription in higher plants. The HAP2/3/4/5p 
complex binds to the CCA AT box and two Hap2 / 3 /4 / 5p-binding motifs have 
been identified in the promoter region of one of the better-characterized plant 
MRR reporter gene, AtAOXla (Dojcinovic et al, 2005). 

11.3.2 Inhibition of the mitochondrial electron transport chain 

The disruption of mtETC, either chemically or genetically, results in the pro- 
duction of mitochondrial reactive oxygen species (mtROS) and the accu- 
mulation of mtROS is correlated with the induction of the genes encoding 
the terminal oxidase of the mitochondria alternative pathway of electron 
transport,AOX (Fig. 11.3; Vanlerberghe and Mcintosh, 1992). The Arabidop- 
sis genome encodes five AOX genes classified as the AOX1 type, named from 
a to d, and the AOX2 type (Saisho et al, 1997). Treatment of Arabidopsis with 
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inhibitors of mETC, such as Antimycin A (AA; an inhibitor of complex III of 
the cytochrome pathway), results in increased AtAOXla expression (Fig. 11 .3; 
Clifton et al., 2006). However, when AA was combined with antioxidants in 
yeast cells (H. anomala) and cultured tobacco cells, the accumulation of AOX 
transcript was blocked, suggesting that ROS is the MRR signal controlling 
AOXla expression (Maxwell et ah, 1999). Thus, inhibition of the cytochrome 
pathway results in increased ROS production, which in turn triggers the sig- 
nal leading to the induction of AOX expression (Wagner, 1995; Maxwell et al., 
1999). One important role of AOX is to protect the mitochondria during oxida- 
tive stress by ameliorating ROS production (Maxwell et ah, 1999, 2002). In ad- 
dition to the induction of AOX, A A treatment of Arabidopsis leaves induces ex- 
pression of another mtETC component, the CYTC-encoding cytochrome c (Yu 
et al., 2001) and many genes encoding proteins involved in stress responses. 
The stress-related genes include genes encoding glutathione S-transferase, 
monodehydroascorbate reductase, and a mitochondrial uncoupling protein 
(Yu etal., 2001). Analysis of the Arabidopsis transcriptome following AA treat- 
ment shows a unique pattern of nuclear gene induction, and it is likely that 
mtROS production triggers a more complex set of distinct signals than that 
initiated by simple experimental addition of ROS such as hydrogen peroxide 
(Gadjev et al, 2006). 

The MRR has also been studied using maternally inherited mitochondrial 
DNA deletion mutants of different complexes of mtETC, such as the nonchro- 
mosomal stripe (ncs) mutants in maize. The ncs mutants have diverse defects, 
ranging from lesions in complexes I and IV of the mitochondrial electron trans- 
port chain to defects in mitochondrial translation (Lauer et ah, 1990; Marien- 
feld and Newton, 1994; Newton et al, 1996; Karpova et al, 2002). The various 
mutants all develop characteristic yellow stripes on the leaves and stems. 
The striping phenotype results from somatic segregation of cells containing 
mutant mitochondria from heteroplasmic progenitor cells. Although homo- 
plasmic and near-homoplasmic mutant leaf sectors appear to grow, chloro- 
plasts do not develop fully and do not function photosynthetically (Gu et 
al, 1993). The maize genome encodes three AOX: AOX1, AOX2, and AOX3 
(Karpova et aL, 2002). Interestingly, deficiencies on each respiratory complex 
trigger induction of individual AOX. Thus, CI- and CIV-deficient mutants 
were found to induce AOX2 and AOX3, respectively (Karpova et al, 2002). 
In contrast, the translation-defective ncs mutant demonstrated induction of 
both AOX2 and AOX3 (Karpova et al, 2002). 

1 1 .3.3 Accumulation of intermediates of the TCA cycle trigger 
changes in nuclear gene expression 

Inhibition of the tricarboxylic acid cycle by monofluoroacetate (MEA), which 
inhibits the enzyme aconitase, results in the accumulation of citrate and in the 
accumulation AOX transcript in tobacco cell cultures and Arabidopsis (Vanler- 
berghe and McLntosh, 1996; Zarkovic et al, 2005). Furthermore, accumulation 
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of intermediates of the TCA cycle, such as malate, 2-oxoglutarate and citrate, 
induces AOX1 expression even at very low concentrations in tobacco or soy- 
bean cells (Fig. 11 .3), but does not cause a measurable increase in the cellu- 
lar ROS concentration (Vanlerberghe and McLntosh, 1996; Djajanegara et ah, 
2002; Gray et ah, 2004). The effects on nuclear gene expression resulting from 
increased amounts of citrate cannot strictly be assigned MRR because it is not 
clear whether the effect of MFA is solely in the mitochondria, although effects 
on mitochondria function and resulting MRR are likely the most prominent. 
However, increased citrate from MFA treatment could be the cause of AOX 
induction and the action of citrate would represent an MRR pathway that is 
separate from AA-induced MRR (Rhoads and Subbaiah, 2007). 

1 1 .4 Emission of organellar signals 

For the signal to be emitted from the organelles to affect nuclear gene ex- 
pression it must overcome certain obstacles. First, the signal must exit the 
organelle. Second, the signal needs to be transmitted through the cytoplasm 
to finally convey the information to the nucleus to initiate a genetic response. 
The distance that separates the plastid and the nucleus can vary because 
plastids can move within the cytoplasm (Gray et ah, 2001). Studies with the 
centric diatom Pleurosira leavis have demonstrated that chloroplasts move 
from cell cortex to the nucleus upon illumination as a mechanism of photo 
avoidance (Makita and Shihira-Ishikawa, 1997; Furukava, 1998). In addition, 
recent studies with tobacco and Arabidopsis cells demonstrated that the abil- 
ity of the plastids to move toward the nuclei is dependent on cell type and 
stage of development (Kwok and Hanson, 2004a,b; Natesan et ah, 2005). Plas- 
tids also have the capacity to form stromules (Kohler et ah, 1997). Stromules 
are highly dynamic structures emanating from the plastid surface and are 
enclosed by the outer and inner plastid envelope membranes (Gray et ah, 
2001). The formation of stromules provides a means to increase the plastid 
surface area with only relatively small changes in plastid volume. In general, 
stromules are more abundant in tissues containing non-green plastids and in 
cells containing smaller plastids (Kumar et ah, 2005). From studies in tobacco 
seedlings and adult plants, stromules were shown to be more abundant at 
the seedling stage compared with similar cell types in mature plants (Kumar 
et ah, 2005). Plastids and stromules lie within grooves and invaginations of 
the nuclear envelope membrane, which may facilitate the exchange of signals. 
The formation of stromules appears to be induced by exposure to stress con- 
ditions, when the exchange of signals can be crucial to the cellular response 
and subsequent survival. Seedlings grown on norflurazon, the condition used 
to initiate accumulation of the signaling metabolite Mg-ProtoIX, have stro- 
mules expanding out from the chloroplast toward the nucleus (Fig. 11 .4, Color 
plate 19). This stromule formation on norflurazon was much more striking in 
hypocotyl cells, where Mg-ProtoIX accumulates, compared to root cells that 
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do not have active chlorophyll biosynthesis (Fig. 11.4, Color plate 19; Ankele 
et ah, 2007). The stress caused by the norflurazon treatment appears to stim- 
ulate the formation of stromules, possibly to facilitate the communication 
between the plastids and the nucleus. 

The ROS H2O2 is thought to diffuse as easily as water across biological 
membranes (Karpinski et ah, 1999). Chloroplast-derived H2O2 therefore could 
directly influence the functions of cytosolic signaling components. The po- 
tential for H2O2 to act as an intracellular signaling molecule was demon- 
strated by its role in the systemic response of plants exposed to excess light 
(Karpinski et ah, 1999), pathogens (Bolwell, 1999), and physical damage 
(Orozco-Cardenas et ah, 2001). It is widely believed that, in biological sys- 
tems, 1 C>2 has a very short half -life of around 200 ns (Gorman and Rodgers, 
1992) which would preclude its direct involvement in signaling responses. In 
this case, the hydroperoxides and endoperoxides formed when 1 C>2 oxidizes 
biological molecules are more likely to be the actual signaling molecules. 
Alternatively, chlorophyll degradation products may act as signaling 
molecules (Krieger-Liszkay, 2005). However, recent observations suggest that 
the half -life of 1 C , 2 in cells may be much longer than 200 ns, thus allowing dif- 
fusion over appreciable distances and across cell membranes (Skovsen et ah, 
2005; Snyder et ah, 2005) in which case 1 C>2 may itself act as a signal molecule. 

The signaling molecule Mg-ProtoIX is exported from the chloroplast 
(Ankele et ah, 2007). Mg-ProtoIX accumulation in norflurazon grown 
seedlings could be visualized using a laser scanning confocal microscope 
by taking advantage of the molecules photoreactive properties. The fluores- 
cence images obtained demonstrated that Mg-ProtoIX accumulated in the 
cytosol (Fig. 11.5, Color plate 20). The relative cytoplasmic accumulation of 
Mg-ProtoIX was greater in cotyledons, compared to hypocotyls, suggesting 
that the export mechanisms is more active in leaf tissue and that the export of 
tetrapyrroles is an active and regulated process. Supporting this conclusion, 
Beck and colleagues demonstrated in Chlamydomonas that the light respon- 
sive gene HSP70, encoding a heat shock protein, could be induced in the dark 
by feeding Mg-ProtoIX to the cells (Kropat et ah, 1995, 1997, 2000). However, 
expression of HSP70 was not induced when the cells were fed the precursor 
ProtoIX in the dark, with resulting accumulation of Mg-ProroIX in the plas- 
tids (Kropat etah, 2000) . These data suggest that the plastid export mechanism 
for Mg-ProtoIX is light regulated. Efflux of related molecules such as heme, 
heme precursors, phytochromobilin, and chlorophyll-degradation products 
has been observed from chloroplasts (Thomas and Weinstein, 1990; Matile 
et ah, 1992; Jacobs and Jacobs, 1993; Terry et ah, 1993). It is possible that the 
export mechanism is promiscuous and that the same transport route(s) could 
be used by Mg-ProtoIX and ProtoIX. Mutant analysis of Arabidopsis suggests 
that a plastid localized ABC-transporter like-protein may be involved in the 
translocation of ProtoIX across the envelope membrane (Moller et ah, 2001). 
Furthermore, a mitochondrial peripheral-type benzodiazepine receptor from 
Arabidopsis was demonstrated to transport ProtoIX (Lindemann et ah, 2004). 
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The GUN4 protein, which was shown to bind both ProtoIX and Mg-ProtoIX 
and to be localized to the envelope of the chloroplast (Larkin et al, 2003), may 
also be involved in the export of tetrapyrroles from the chloroplast. 

Identification of signaling metabolites emitted from the organelles used in 
retrograde communication is novel in plants. However, in yeast (Sacharomyces 
cerevisiae) heme synthesized in the mitochondria regulate transcription of nu- 
clear genes encoding mitochondrial proteins (Forsburg and Guarente, 1989). 
Heme synthesis is directly correlated to oxygen levels in the cellular envi- 
ronment and when cells are grown aerobically heme is synthesized in the 
mitochondria, exported from the mitochondria and imported to the nucleus 
where it activates transcription factors (Zhang and Hach, 1999). Mg-ProtoIX 
was shown to accumulate evenly through the cytosol and confocal images do 
not imply that Mg-ProtoIX accumulated specifically in the nucleus (Fig. 11.5, 
Color plate 20). These data suggest that Mg-ProtoIX likely binds a regula- 
tory protein in the cytosol, and modifies the activity and/ or the translocation 
of this protein, perhaps through a photoreactive action. As a consequence, 
expression of nuclear-encoded photosynthetic genes is inhibited. 

11.5 Targets of retrograde communication 

The cytoplasmic and nuclear proteins that participate in the organellar-to- 
nucleus signaling pathways in plants are poorly understood. Nevertheless, 
progress has been made on the identification of the cis elements in the pro- 
moter regions of nuclear genes responding to signals originating in the plas- 
tids and the mitochondria. Nuclear genes that encode organellar components 
are regulated by a diverse group of cis regulatory elements that act in combi- 
nation. Promoter::reporter gene fusions have been used to successfully iden- 
tify light- and plastid-response elements in the promoters. However, so far 
it has been impossible to uncouple the plastid- from the light-responsive cis 
elements (Kusnetsov et al, 1996; Puente et al., 1996; McCormac et al., 2001; 
Strand et al, 2003; Koussevitzky et al, 2007). 

11.5.1 Targets of plastid signals 

The chlorophyll intermediates Mg-ProtoIX and Mg-ProtoIX methyl ester was 
found to induce the nuclear-encoded heat shock genes HSP70A and HSP70B 
of Chlamydomonas reinhardtii mimicking the normal light induction of these 
genes (Kropat et al, 1995, 1997, 2000). Analysis of the HSP70A promoter re- 
vealed two regulatory regions that each confer responsiveness to Mg-ProtoIX 
and light (von Gromoff et al, 2006). These regions were cloned into pro- 
moter::reporter gene fusions to verify their biological activity. Mutational 
analysis of one of those regulatory regions and an alignment with pro- 
moters of other Mg-ProtoIX inducible genes uncovered the sequence motif 
(G/C)CGA(C/T)N(A/G)Ni 5 (T/C/A)(A/T/G) that may confer Mg-ProtoIX 
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responsiveness (von Gromoff et ah, 2006). A shift of C. reinhardtii cultures from 
dark to light induces a transient accumulation of Mg-ProtoIX in the chloro- 
plast and a fraction of the accumulated intermediate is transported to the 
cytosol. In the cytosol, Mg-ProtoIX is bound by a regulatory protein, possibly 
a transcription factor. As a consequence this protein, or a factor activated by 
the Mg-ProtoIX binding protein, may interact with the cis element to stim- 
ulate induction of HSP70A expression. Thus, light induction of HSP70A is 
mediated via Mg-ProtoIX. With a ds-element in hand that is a target for the 
plastid derived Mg-ProtoIX signal, strategies can be designed to identify the 
protein(s) that interact with this element upon Mg-ProtoIX accumulation (von 
Gromoff ah, 2006). 

In Arabidopsis, promoter::reporter gene fusions revealed that the Mg- 
ProtoIX signal is mediated by one the best-defined binding sites involved 
in light-regulated transcription of LHCB genes, the G-box (CUF1) element 
(Strand et ah, 2003). A true CUF1 (CACGTA) is present in the promoter re- 
gion of 18 of the genes mis-regulated \ngun5, and an additional 24 genes have 
the closely related CACGTG (Strand et ah, 2003). The finding that both light 
and plastid signals act via CUF1 is consistent with other experiments showing 
that the ris-elements cannot be separated from each other and that light and 
plastid signaling pathways interact and converge. It has been proposed that 
this convergence occurs downstream from COP1, a factor that is required 
for normal photomorphogenesis (Sullivan and Gray, 1999, 2000; Osterlund 
et ah, 2000a,b). Yeast one-hybrid assays indicated that ABM binds in close 
proximity of the CUF1 element of the LHCB promoter (Koussevitzky et ah, 
2007). ABM is an AP2-type transcription factor and when the CUF1 element 
was mutated to TTACGT, ABM could not facilitate growth on His-deficient 
media in the yeast one-hybrid assay. In contrast, when the CUF1 element was 
mutated to CCACAA, ABM-enabled growth suggesting that ABM binds the 
CCAC motif (Koussevitzky et ah, 2007). In the CUF1 element required for ret- 
rograde signaling, two cytosines precede the G-box resulting in a CCAC core. 
It is conceivable that by binding the CCAC motif, ABM inhibits the G-box- 
mediated light induced expression of photosynthetic genes when chloroplast 
development is arrested (Koussevitzky et ah, 2007). 

1 1 .5.2 Targets of mitochondrial signals 

The transcriptional induction of AtAOXla by inhibition of the mitochondrial 
electron transport by AA and of the TC A cycle by MFA has made the AtAOXla 
a marker gene for MRR in plants. The promoter region of AtAOXla respond- 
ing to MRR was narrowed down to a 93 bp region (Dojcinovic et ah, 2005). 
Through sequence analysis of this 93 bp region, five different putative tran- 
scription factor binding motif were identified: (1) two CCAT-boxes, (2) two 
G-boxes, (3) a GC-motif , (4) a W-box, and (5) a Dof transcription factor-binding 
motif (Dojcinovic et ah, 2005). The CCAT box is a ris-regulatory element 
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widely present in eukaryotes and yeast and in Saccharomyces cerevisae, the 
Hap2/3/4/5p complex bind to this box and regulates the expression of the 
mitochondrial respiratory complex subunit genes (Schuller, 2003). Proteins 
that bind G-boxes are basic leucine zipper (bZIP) transcription factors that are 
implied in developmental processes, light and stress responses, and responses 
to pathogen attack (Siberil et ah, 2001 ; Jakoby et ah, 2002). The WRKY proteins 
are zing-finger-type transcription factors that bind to W-box sequences (Ishig- 
uro and Nakamura, 1994) that are involved in pathogen resistance and stress 
responses, development, and senescence processes (Wang et ah, 1998; Eul- 
gem et ah, 1999; Du and Chen, 2000). Dof transcription factors are involved 
in plant-specific processes such as responding to light, phytohormones and 
pathogens, and in seed development and germination (Yanagisawa, 2002). 
Mutational analysis of each of these motifs demonstrated that all of them are 
necessary for full induction of AtAOXla in response to mtETC and TCA cycle 
inhibition. Nevertheless, detailed analysis of mutated forms of the 93 bp pro- 
moter::reporter construct showed that for some of the mutations AtAOXla 
did not respond to AA inhibition of the mtETC but did respond to MFA inhi- 
bition of TCA cycle, suggesting that there are at least two separate pathways 
regulating AOX expression. 



11.6 Organelle-to-organelle communication 



11.6.1 Plastid-to-plastid communication 

Plastids can communicate directly with each other via physical interaction us- 
ing stro mules. The role of stromules in transfer between plastids was observed 
by visualizing GFP-tagged chloroplast proteins. The movement of either for- 
eign small proteins, such as GFP (Kohler et ah, 1997; Tirlapur et ah, 1999), 
or GFP-tagged plastid proteins, such as aspartate aminotransferase and Ru- 
bisco (Kwok and Hanson, 2004b), suggests that small metabolites and large 
macro molecules are able to move through stromules between the plastids. 
Stromule formation would enhance the exchange of metabolite or signal- 
ing molecules between plastids in different parts of the cell and recent stud- 
ies that have located proteins such as the plastidic hexokinase (Kandel-Kfir 
et ah, 2006) and an ABA-responsive RNA-binding protein (Raab et ah, 2006) 
within stromules that interconnect plastids. Stromules also harbor some nor- 
mal plastid metabolism, as indicated by the observation of long chain acyl- 
CoA synthase LACS9 in the envelope membrane of the stromules (Schnurr 
et ah, 2002), and it is possible that stromules contain all normal metabolic 
activities of the plastids with the exception of the activity associated with the 
thylakoid membranes, which are not found in stromules. It is still unknown 
when stromules are formed and become interconnected with other plastids. 
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However, because they are observed in all plastid types it appears as though 
stromules are a natural feature of plastid morphology. Stromule morphology 
and occurrence are variable between cell types (Natesan et al., 2005) and the 
frequency of stromule formation appears to be related to the developmental 
stage of plants (Waters et al, 2004; Natesan et al., 2005). Stromules may be 
considered an ancestral feature that plastids have conserved in order to com- 
municate between themselves since the endosymbiont event (Waters et al., 
2004). 

1 1 .6.2 Mitochondria-to-chloroplast communication 

The mitochondria and chloroplast depend on each other for the exchange 
of metabolites and energy equivalents. Mitochondrial metabolism is essen- 
tial for sustaining photosynthetic carbon assimilation and mitochondrial 
respiration protects photosynthesis against photoinhibition by dissipating 
excess redox equivalents from chloroplast (Niyogi, 1999, 2000). By using in- 
hibitors of mitochondrial electron transport it was demonstrated that mi- 
tochondrial metabolism is essential for photosynthesis (Raghavendra and 
Padmasree, 2003). Furthermore, genetic defects on mitochondrial function 
such as in the potato and barley gdc mutants, which both have impaired 
photorespiration, result in an excessive reduction and energization of the 
chloroplast (Heineke et ah, 2001; Igamberdiev et al., 2001). The same effect 
was also observed in the tobacco cmsll mutant, which lacks the major mi- 
tochondrial NADH dehydrogenase. In this mutant, the rate of photosyn- 
thesis is reduced during the dark-light transition or when carbon fixation 
and photorespiration are simultaneously active (Sabar et al., 2000; Dutilleul 
et al., 2003). Photosynthesis provides substrates for mitochondrial respira- 
tion and transporters located in the envelope membranes of mitochondria 
and chloroplasts mediate the exchange of metabolites, and this generates an 
important channel of communication between the organelles (Raghavendra 
and Padmasree, 2003). To facilitate this exchange, plastid stromules and mi- 
tochondria are closely associated, as was demonstrated by DIC microscopy 
in sub-epidermal cells of Iris unguicularis (Gunning, 2005) and by fluores- 
cence microscopy with GFP-labeled plastid in tobacco (Kwok and Hanson, 
2004a,b). 

The communication between chloroplast and mitochondria may also be 
involved in programmed cell death (Yao et al., 2004). ACD2, which encodes 
the red chlorophyll catabolite reductase, plays a role in protecting cells from 
Protoporphyrin IX-induced cell death. ACD2 is located in the chloroplast 
but when acdl mutant cells were treated with Protoporphyrin IX to induce 
light triggered cell death, a change in mitochondrial function was observed 
almost immediately (Yao et al., 2004). Thus, a stress signal must be released 
by chloroplast and received by the mitochondria and the intercommunication 
established in program cell death is an example of close interaction between 
the organelles (Yao et al., 2004). 
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11.7 Concluding remarks 

The eukaryotic cell depends on the interaction between its different organelles 
and the nucleus. This includes the exchange of metabolic intermediates and 
energy equivalents but also information. While it is true that the chloroplast 
and the mitochondria are dependent on the nucleus to supply much of the ge- 
netic information necessary for their function, it is also becoming clear that the 
organelles produce multiple signals at different times of their development 
and in response to changes in the environment, and orchestrate major changes 
in nuclear gene expression. Thus, although the chloroplast and mitochondria 
are dependent on the nucleus, the organelles exert significant control over the 
running of the cell. To date, multiple sources of retrograde signals have been 
identified, such as the accumulation of tetrapyrroles and ROS, for example, 
and some of the responding elements in the promoter of the nuclear-encoded 
genes regulated by retrograde signals have been identified. However, the 
components transducing the signal to the nucleus and thefrans-acting fac- 
tors controlling the expression of nuclear-encoded genes remain elusive and 
identifying these players are challenging tasks for the future. 
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Abstract: Regulation of cell division in eukaryotes including higher plants is cru- 
cial for growth, differentiation, development, and cell death. Protein phosphory- 
lation plays a major role in signaling to control the cell division, and is driven by 
protein kinases called mitotic kinases, including a cyclin-dependent kinase (CDK), 
an Aurora kinase, and a mitogen-activated protein kinase (MAPK). In contrast to 
animals and yeast, our knowledge on the regulatory mechanism of the cell division 
in plants is very limited. Although plant cells seem to share some basic processes 
during the cell cycle progression with animal and yeast cells, they have acquired 
unique molecules orchestrating the cell division, reflecting the plant-specific fash- 
ion in cell division such as cytokinesis. This chapter focuses on recent advances in 
the understanding of signaling molecules, so-called mitotic kinases (CDKs, Auro- 
ras, MAPKs) during mitosis and cytokinesis in plant cells. 

Keywords: mitosis; cyclin-dependent kinase (CDK); Aurora kinase; mitogen- 
activated protein kinase (MAPK); cytokinesis; phragmoplast; cell plate 



12.1 Introduction 

Cell division in eukaryotes is operated by protein kinases that control the 
progression of cell cycle at various phases. Cyclin-dependent kinases (CDKs) 
regulate DNA synthesis and mitosis onset. Members of the Aurora kinase 
and Polo-like kinase families participate in the segregation of chromosomes, 
modulation of spindle function, and cytokinesis. Mitogen-activated protein 
kinase (MAPK) cascades are involved in various aspects of cell cycle, in- 
cluding entry into the cell cycle, transition from G2 to M phase, and spin- 
dle assembly checkpoint in yeast and animals (Pages et ah, 1993; Minshull 
et ah, 1994; Takenaka et ah, 1998; Wright et ah, 1999), and they are involved in 
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the progression of cytokinesis in plants (Nishihama et al, 2001, 2002; Krysan 
et al, 2002; Strompen et al, 2002; Soyano et al, 2003; Yang et al, 2003). Although 
plants share the basic mechanisms of cell division with other eukaryotes, they 
have unique molecules modulating the cell cycle. For example, plants have a 
unique class of CDKs, whereas CDC25 phosphatase appears to lack this func- 
tion (Boudolf et al, 2006). The ortholog of Polo-like kinase, a mitotic kinase in 
animals, has not been reported in plants until now. Such differences possibly 
reflect the distinctive intercellular structures of plants and the noteworthy 
aspects of plants in the cell cycle system. Many plant cells can replicate DNA 
in the absence of mitosis, which is known as endoreduplication. The mode 
of cytokinesis is strikingly different between plants and animals. Plants have 
rigid cell walls, which disturb the "outside-in" cytokinesis by constriction, 
unlike in animal cells. Plants have the "inside-out" system for cytokinesis to 
generate cell plates, including cell wall and cell membrane. In this chapter, 
we describe the recent advances in the understanding of signaling regulated 
by the so-called mitotic kinases (CDKs, Auroras, MAPKs) during mitosis in 
plant cells. 



12.2 Progression of mitosis by cyclin-dependent 
kinases in plants 



12.2.1 Plant CDKs and cyclins 

Cell cycle is unidirectional and consists of a Gl phase (Gapl), S phase (DNA 
synthesis), G2 phase (Gap2), and M phase (Mitosis). CDKs are the engines 
that drive the events of the cell cycle and have also been implicated in the con- 
trol of gene transcription and other processes. The CDK activity depends on 
a noncatalytic partner, a cyclin. In yeast, a single CDK (CDC2 in Schizosaccha- 
romyces pombe, CDC28 in Saccharomyces cerevisiae) is associated with different 
cyclins that drive the various aspects of the cell cycle. In animals, several 
CDKs and cyclins regulate the progression of the cell cycle at distinct phases 
(Morgan, 1997). Similarly, plants have a large number of different CDK and 
cyclin genes (Inze and De Veylder, 2006; Francis, 2007). 

Plant CDKs are classified into seven types, designated CDKA to CDKG, 
and each family has some members, although the detailed functions of CDKC, 
CDKE, and CDKG in the cell cycle remain unclear (Francis, 2007). CDKA is 
a single gene in Arabidopsis and an ortholog of the mammalian CDK1 and 
yeast CDC2 that conserve PSTAIPvE motif, an important motif for binding 
with cyclins (Ferreira et al, 1991; Hirayama et al, 1991; Imajuku et al., 1992). 
CDKAs play a central role at both the Gl/S and G2/M transitions. CDKBs 
are plant-specific, and they are divided into two subfamilies according to the 
differences in the sequence of the cyclin-binding motifs, CDKB1 (PPTALRE) 
and CDKB2 (P[P/S]TTLr<E) (Joubes et al, 2000; Dewitte and Murray, 2003). 
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The transcripts of CDKB1 and CDKB2 show slightly different accumulation 
patterns, those of CDKB1 accumulate from S phase until mid-M phase, and 
those of CDKB2 accumulate during G2 phase and M phase (Fobert et ah, 1996; 
Segers et ah, 1996). The protein accumulation and kinase activity of CDKB1 
and CDKB2 follow the transcription of these genes, suggesting that the CDKBs 
function at the G2/M transition and M phase (Magyar et ah, 1997; Umeda et ah, 
1999; Meszaros etah, 2000; Porceddu etal.,2001; SorreUetal., 2001; Breyne etah, 
2002). CDK activity is regulated by phosphorylation, which is responsible for 
CDK-activating kinases (CAKs). CAKs phosphorylate CDKs and induce the 
conformational change of CDKs allowing the interaction between CDKs and 
substrates. CDKDs and CDKF are known to function as CAKs (Umeda et ah, 
1998, 2005; Vandepoele et ah, 2002). CDKDs are divided into three subfamilies 
and are functional orthologs of vertebrate CAKs (CDK7), whereas CDKF is a 
plant-specific CAK that has unique enzymatic properties (Umeda et ah, 2005). 
CDKF seems to be able to phosphorylate and activate CDKDs (Shimotohno 
et ah, 2004). 

There are seven groups of cyclins in plants, A to D, H, P, and T. In con- 
trast, there are 13 groups in animals (A to L and T). In plants, each group has 
many members, e.g., Arabidopsis has at least 32 putative cyclins. Among them, 
A-, B-, and D-type cyclins are assumed to be involved in cell cycle control. 
In summary, A- and B-type cyclins are expressed from S phase to M phase, 
and they control DNA replication, G2/M transition, and mitosis (Doerner 
et ah, 1996; Magnard et ah, 2001; Wang et ah, 2004; Weingartner et ah, 2004). D- 
type cyclins appear to regulate Gl/S through interaction with CDKA (Nak- 
agami et ah, 1999; Boniotti and Gutierrez, 2001; Healy et ah, 2001; Menges 
et ah, 2006) and G2/M transition and mitosis, probably with CDKB and CDKA 
(Schnittger et ah, 2002; Kono et ah, 2003, 2007). D-type cyclins of Arabidopsis 
(CYCDs) have ten members classified into seven groups (CYCD1 to CYCD7). 
CYCD3 has three members, CYCD4 has two, and the other groups consist 
of one member each (Vandepoele et ah, 2002). In animals, D-type cyclins are 
known to form complexes with CDK4 and CDK6, and these complexes phos- 
phorylate and inactivate the retinoblastoma proteins (Rb). This is followed by 
the release of active E2F transcription factors from Rb to induce the transcrip- 
tion of S-phase-related genes (Harbour and Dean, 2000). In plants, a similar 
pathway has been reported (Nakagami et ah, 1999, 2002; Boniotti and Gutier- 
rez, 2001), suggesting that the regulatory mechanisms for Gl/S transition are 
conserved between animals and plants. However, the large number of D-type 
cyclins in plants might possess distinct expression patterns and different CDK 
partners, and they play a variety of roles in the progression of cell cycle. In 
vertebrates, cyclin H has been identified as the regulatory subunit of CAK 
(CDK7) and stimulates CDK7 activity (Fisher and Morgan, 1994; Labbe et ah, 
1994; Makela et ah, 1994). Plant H-type cyclins also interact with CDKDs that 
are classified into CAKs and elevate the kinase activity of CDKDs in vitro (Shi- 
motohno et ah, 2004), suggesting that plant cyclin H is a regulatory subunit 
of CAKs similar to that in animals and yeast. 
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Recently, the roles and regulatory mechanisms of CDK/cyclin complexes 
in the plant cell cycle and plant development have been reviewed in detail 
(Umeda et al, 2005; Inze and De Veylder, 2006; Francis, 2007). In this chapter, 
we describe the functions of CDKs involved in the progression of mitosis. 

12.2.2 Initiation and progression of mitosis by CDKs 

The peaks of kinase activity of CDKA are detected at Gl/S and G2/M in 
Arabidopsis, from S phase to early M phase in tobacco, and that of kinase 
activity of CDKB1;1 are detected at G2/M in Arabidopsis and in mid-to-late 
G2 in tobacco (Joubes et al, 2000; Porceddu et al, 2001; Sorrell et al, 2001). 

Overexpression of a dominant-negative CDKA of Arabidopsis in tobacco 
plants produced smaller plants, which is a result of reduced rate of cell divi- 
sion (Hemerly et al., 1995). Recently, it has been reported that the mutant of 
CDKA in Arabidopsis exhibited a defect in pollen mitosis during male game- 
togenesis (Iwakawa et al., 2006; Nowack et al, 2006). These results show that 
plant CDKA is required for entry into mitosis. Overexpression of a dominant- 
negative of Arabidopsis CDKB1;1 caused delayed G2/M transition in tobacco 
cells, suggesting that CDKB1 is also involved in mitotic entry (Porceddu 
et al, 2001). 

The regulatory subunits of CDKA and CDKB at G2/M transition are un- 
clear. It has been reported that alfalfa A-type cyclin interacts with CDKA in 
the yeast two-hybrid system (Roudier et al, 2000), and Arabidopsis CYCD4;1 
and CYCB1;1 interact with and activate CDKA;1 in vitro (Kono et al, 2003; 
Weingartner et al, 2004). CYCB1;1 is assumed to interact with and activate 
G2/M-specific CDKB2;1 in vitro (Weingartner et al, 2004). CDKB2;1 also inter- 
acts with CYCA2;2, CYCB2;1, CYCD1;1, and CYCD4;1, and it is activated by 
the association with CYCD4;1 in vitro (Kono et al, 2003). Although CYCD1;1 
binds to both CDKA;1 and CDKB1;1 in addition to CDKB2;1, the functions 
of the binding are unknown (Kono et al, 2003). In tobacco, the overexpres- 
sion of nondegradable tobacco cyclin Bl resulted in defective phragmoplast 
formation, suggesting that CDK / cyclin B complexes regulate the initiation 
of cytokinesis (Weingartner et al, 2004). In summary CDKs make complexes 
with A-, B-, and D4-type cyclins at the proper timing and might regulate the 
entry into and progression of mitosis. Downstream factors of CDKs in plants 
remain to be identified. 



12.3 Aurora kinases in plants 
12.3.1 Aurora kinases in animals 

Accurate segregation of chromosomes is one of the major events during 
mitosis. This event depends on the capture of chromosomes by spindle 
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microtubules during prometaphase and the dynamics of these microtubules 
during anaphase. In plants, however, the signaling molecules of the progres- 
sion of chromosome separation are not clear. In animals, it has been reported 
that there are many proteins essential for chromosome motility and spindle 
checkpoint, and these proteins are composed of the mitotic spindle, centro- 
somes (spindle poles), centromeres (kinetochores), and pairing chromosomes 
(Karsenti and Vernos, 2001; Scholey et ah, 2003). The Aurora kinase family be- 
longs to the serine / threonine protein kinase family and is a key regulator to 
control precise and timely localization and functions of the above-mentioned 
proteins (Cheeseman et ah, 2002; Andrews et ah, 2003; Carmena and Earn- 
shaw, 2003). This family has three members — Aurora A, Aurora B, and Aurora 
C — in vertebrates and two members in Drosophila and Caenorhabditis elegans 
(C. elegans). All Aurora kinases share similar structures, with catalytic do- 
mains flanked by short C-terminal tails and N-terminal domains of variable 
lengths (Carmena and Earnshaw, 2003). Budding yeast as well as fission yeast 
have a single Aurora kinase, Ipllp (Chan and Botstein, 1993), and Arklp 
(Petersen et ah, 2001). They are structurally and functionally classified as 
Aurora B. 

12.3.1.1 Aurora A 

In animals, Aurora A is localized at the spindle poles from prophase to 
telophase and seems to mainly regulate the assembly of the mitotic spin- 
dles through the maturation of centrosomes. The centrosome is known as the 
microtubule-nucleating center in most animal cells. At the initiation of mito- 
sis, many proteins, including the tubulin ring complex, transforming acidic 
coiled-coil (TACC) protein family, and other microtubule-associated proteins 
(MAPs), are recruited to centrosomes. This process is called the centrosome 
maturation. During the progression of centrosome maturation, microtubules 
grow out from the centrosomes and form the bipolar spindle. Recent stud- 
ies show that Aurora A kinase phosphorylates the conserved centrosomal 
protein TACC, which promotes microtubule assembly (Barros et ah, 2005; 
Kinoshita et ah, 2005; Peset et ah, 2005). Phosphorylation of TACC by Au- 
rora A seems to ensure the localization of TACC to centrosomes and the 
assembly of microtubules at the centrosome during mitosis, because muta- 
tion of Aurora A phosphorylation sites in TACC dramatically reduced the 
centrosome localization of TACC and the number of microtubules emanat- 
ing from the centrosome (Barros et ah, 2005; Kinoshita et ah, 2005; Peset et ah, 
2005). It is reported that Drosophila TACC (D-TACC) physically interacts with 
mini spindles (Msps), a Drosophila homolog of Xenopus XMAP215 (Cullen 
and Ohkura, 2001; Lee et ah, 2001), required for the recruitment of Msps 
to the centrosomes (Lee et ah, 2001). Msps and XMAP215 are microtubule- 
associated proteins and are known to play critical roles as regulators of mi- 
crotubule assembly in mitosis (Kinoshita et ah, 2002). Since Xenopus TACC 
(TACC3/Maskin) can alter the activity of XMAP215 to polymerize tubulins 
(Kinoshita et ah, 2005), phosphorylation of TACC by Aurora A might regulate 
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the assembly of microtubules through the control of Msps/XMAP215 activ- 
ity, in addition to the recruitment of TACC-Msps/XMAP215 complex (Barros 
et al, 2005; Kinoshita et al, 2005). Aurora A also phosphorylates many kinds 
of proteins that are involved in centrosome maturation and activation of the 
MAPK cascade regulating the cell cycle during the early embryogenesis of 
Xenopus, although the role of phosphorylation of these proteins is unknown 
(Table 12.1). 

In Xenopus, TPX2, a microtubule-associated protein that localizes to cen- 
trosomes, is also a binding partner with Aurora A and is phosphorylated by 
that kinase in vitro (Kufer et al, 2002; Eyers et al, 2003; Tsai et al, 2003). TPX2 
appears to block the access of protein phosphatase 1 (PP1) to Aurora A, allow- 
ing the accumulation of active Aurora A by autophosphorylation (Eyers et al., 
2003; Tsai et al, 2003). Depletion of TPX2 and TPXL1 (an ortholog of TPX2 in 
C. elegans) inhibits bipolar spindle assembly in mitotic Xenopus extracts and 
C. elegans, suggesting that TPX2 may regulate the activity of Aurora A, follow- 
ing the assembly of mitotic spindles (Tsai et al., 2003; Ozlu et al, 2005). Thus, 
Aurora A might function mainly in spindle formation through centrosome 
organization. Besides the regulation of the spindle, Aurora A seems to have 
a variety of roles. 

12.3.1.2 Aurora B 

Aurora B is a component of chromosomal passenger complexes that localizes 
first to the centromeres and then to the midzone of the central spindles and 
midbody in mitotic cells. It regulates chromosome segregation and cytokine- 
sis. Many experiments show that the removal or disruption of the chromo- 
somal passenger complexes causes defects in chromosome alignment due to 
the defects of attachment between kinetochores and spindle microtubules and 
failure in cytokinesis (Andrews et al, 2003). Aurora B seems to regulate the 
spindle assembly at the centromeres opposite to the site of the centrosomes 
where Aurora A localizes and later modulates the stability of the central spin- 
dles. The chromosomal passenger complexes are composed of survivin, the 
inner centromere protein (INCENP), Borealin/DasraB, and Aurora B kinase, 
and they are conserved among different animal species (Glotzer, 2005). The 
function of Aurora B, i.e., activity, localization, and possibly the substrate 
specificity of Aurora B, depends on the interaction with three other nonenzy- 
matic proteins: INCENP, survivin, and borealin (Table 12.1). 

Many targets of Aurora B have been reported (Table 12.1), e.g., kinetochore 
proteins and cytokinesis-related proteins (Andrews et al, 2003; Carmena 
and Earnshaw, 2003; Vader et al, 2006b). One important role of Aurora B 
seems to be the regulation of chromosome condensation and chromosome 
bi-orientation from prometaphase to metaphase. The phosphorylation of his- 
tone H3 and H3 variant CENP-A by Aurora B, which is conserved from yeast 
to vertebrates, might help to drive mitotic chromatin condensation (Goto et al, 
1999, 2002; Hsu et al, 2000; Adams et al, 2001; Giet and Glover, 2001; Murnion 
et al, 2001; Petersen et al, 2001; Zeitlin et al, 2001; Crosio et al, 2002). Recent 
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studies show another chromosomal passenger complex consisting of Aurora 
B and INCENP, and this complex seems to be responsible for modifying hi- 
stone H3 (Gassmann et al., 2004). In addition, it has been reported that Au- 
rora B phosphorylates two nonhistone chromosome proteins, DNA topoiso- 
merase II and the chromatin-remodeling factor ISWI (MacCallum et al., 2002; 
Morrison et al., 2002; Table 12.1). Aurora B might play a role in chromatin 
condensation and separation through chromatin modification by phospho- 
rylation. To align and segregate chromosomes, Aurora B also appears to reg- 
ulate kinetochore-microtubule interaction. INCENP, survivin and borealin 
that forms chromosomal passenger complex with Aurora B are all phospho- 
rylated by Aurora B, thereby regulating its localization and activation (Honda 
et al., 2003; Wheatley et al, 2004; Sessa et al., 2005). Such properly localized and 
activated Aurora B complexes phosphorylate the microtubule-destabilizing 
Kin I kinesin MCAK, and phosphorylation of MCAK by Aurora B inhibits its 
microtubule-depolymerizing activity (Andrews et al, 2004; Lan et al., 2004). 
Since MCAK localizes at both centromeres and centrosomes, there has been 
some discussion on how MCAK functions as depolymerizing motors to move 
chromosomes; however, Aurora B might play a key role in chromosome seg- 
regation through the spindle assembly. 

Another role of Aurora B is the progression of cytokinesis. CYK4/ 
MgcRacGAP, a member of the Rho family GTPase activating protein and a 
known component of centralspindlin complex along with a kinesin-like pro- 
tein CeMKLPl /ZEN4, was identified as a substrate of Aurora B (Minoshima 
et al., 2003). The centralspindlin complex is conserved in C. elegans and hu- 
mans and functions to bundle antiparallel microtubules and stabilize the 
spindle midzone (Mishima and Glotzer, 2003). Phosphorylation of MgcRac- 
GAP by Aurora B increased its latent GAP activity toward RhoA instead of 
Racl/Cdc42, resulting in the completion of cytokinesis through the mainte- 
nance of the central spindle (Minoshima et al., 2003; Ban et al, 2004). It has 
been reported that Aurora B also phosphorylates type-Ill intermediate fila- 
ments such as vimentin, GFAP, and desmin, and their phosphorylation might 
promote filament formation and the segregation of cells at the final step of 
cytokinesis (Goto et ah, 2003; Kawajiri et al., 2003; Table 12.1). The regulatory 
right chain of myosin II is also one of the substrates of Aurora B (Straight 
et al., 2003; Table 12.1), which appears to drive and coordinate many aspects 
during cytokinesis, including the stability of the spindle midzone, mainte- 
nance of the central spindle through the regulation of the activity of small 
GTPase and intermediate filaments, and furrow ingression via the control of 
actomyosin force generation. 

There are a few studies about Aurora C. During M phase, Aurora C is 
localized to chromosomes in prophase and metaphase and then transferred 
to the central spindle midzone and midbody as well as Aurora B (Li et al., 
2004; Yan et al, 2005). Aurora C also interacts with INCENP (Li et al, 2004) 
and can rescue the Aurora B-silenced cytokinesis-defective phenotype (Sasai 
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et al, 2004), suggesting that Aurora C cooperates with Aurora B to regulate 
the progression of chromosome segregation and cytokinesis. 

12.3.2 A class of plant Aurora kinases 

In plants, three members of the Aurora family were reported in Arabidop- 
sis (Demidov et al, 2005; Kawabe et al, 2005). Three Arabidopsis Aurora-like 
genes conserve a catalytic domain of Aurora kinases in animals and yeast, 
and they are designated At Auroral (At4g32830), AtAuroral (At2g258800), and 
At Aurorai (At2g45490). A search of plant databases showed the existence of 
putative Aurora-like genes in many plant species, and all members were 
grouped in a plant-specific clade divided into two major subgroups: plant 
Auroraa and plant Aurora(3 (Demidov et al., 2005). Subgroup Auroraa 
includes AtAuroral and AtAurora2, and subgroup Aurora(3 includes 
AtAurora3 in Arabidopsis (Demidov et al, 2005). The transcripts and proteins 
of all three Auroras are accumulated in tissues containing dividing cells, e.g., 
in young roots, flowers, and flower buds (Demidov et ah, 2005). 

Subcellular localization of AtAuroras was analyzed by GFP fusion in to- 
bacco BY-2 cells (Table 12.2). At the onset of prophase, before nuclear envelope 
breakdown, GFP- At Auroral and GFP-AtAurora2 were located on the cyto- 
plasmic side of the nuclear membrane, gradually migrating to the poles of the 
mitotic spindle as mitosis progressed. In the metaphase, they were located in 
the mitotic spindle (Demidov et al, 2005; Kawabe et al, 2005). GFP- AtAuroral 
and GFP-AtAurora2 behaviors are similar until the end of anaphase. In 
telophase, GFP-AtAuroral concentrated at the midzone of phragmoplasts 
and followed the expansion of cell plate until mother wall was reached (Van 
Damme et al., 2004; Demidov et al., 2005; Kawabe et al, 2005). In contrast, 
the localization of GFP-AtAurora2 to the phragmoplast midzone was very 
faint. GFP-AtAurora3 is concentrated in the nucleus as dots in early prophase 
cells and then becomes evenly localized in chromosomes from metaphase to 
late anaphase (Demidov et al, 2005; Kawabe et al, 2005). Thus, AtAuroras 
during M phase exhibit several plant-specific distribution patterns, although 
they showed some common properties as chromosomal passenger proteins, 



Table 12.2 Aurora kinases in Arabidopsis thaliana 



Localization 



Substrate 



Possible function References 



AtAuroral Nuclear membrane, 
spindle poles, mitotic 
spindles, phragmoplast 
midzone 

AtAurora2 Nuclear membrane, 
spindle poles, mitotic 
spindles 

AtAurora3 Nuclear dots, spindle 
poles, centromeres, 
divided chromosomes 



Histone H3 Unknown 



Unknown Unknown 



Histone H3 



Chromosome 
condensation and 
segregation 



Van Damme et al., 2004; 
Demidov et al., 2005; 
Kawabe et al., 2005 

Demidov et al., 2005; 
Kawabe et al., 2005 

Demidov et al., 2005; 
Kawabe et al., 2005; 
Kurihara et al., 2006 
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including the dot-like localization in nuclear material and relocalization to 
the midzone in cytokinetic machinery. The accumulation patterns of AtAu- 
rora mRNAs and proteins and their subcellular localization suggest that plant 
Auroras have a conserved role in the signal transduction pathways to control 
the progression of mitosis. 

12.3.3 Functions of plant Aurora kinases 

Phosphorylation of SerlO and Ser28 of histone H3 is carried out by Aurora B 
(Hsu et ah, 2000; Giet and Glover, 2001; Petersen et ah, 2001; Crosio et ah, 2002; 
Goto et ah, 2002; Hirota et ah, 2005). Although the phosphorylation of histone 
H3 during mitosis has been reported in plants (Houben et ah, 1999; Gernand 
et ah, 2003), the kinases involved in the process were not clear. Recently, it 
has been reported that SerlO of histone H3 is phosphorylated by AtAuroral, 
AtAurora2, and AtAurora3 in vitro (Demidov et ah, 2005; Kawabe et ah, 2005). 
In tobacco BY-2 cells, the histone H3 phosphorylated at SerlO or Ser28 is 
localized at the pericentromeric regions during mitosis, which was consis- 
tent with the localization of AtAurora3 (Kurihara et ah, 2006). In addition, 
the Aurora kinase inhibitor hesperadin inhibited the histone H3 phospho- 
rylation at SerlO and Ser28 during the M phase in BY-2 cells. Hesperadin 
treatment also increased the ratio of metaphase cells and decreased the ratio 
of anaphase / telophase cells, suggesting that it delays metaphase / anaphase 
transition (Kurihara et ah, 2006). Phosphorylation of histone H3, which might 
be involved in the condensation and segregation of chromosomes, might be 
carried out by Aurora-family kinases in plants as well as in yeast and ani- 
mals. To further investigate the function of plant Auroras, identification and 
characterization of plant Aurora substrates is critical. 

12.4 Cytokinesis modulated by the MAPK cascade 
12.4.1 Plant cytokinesis 

Cytokinesis in plant somatic cells occurs by cell plate formation through the 
fusion of new cell membranes and construction of new cross walls (desig- 
nated cell walls) from the interior to the periphery of the cell (Nishihama 
and Machida, 2001; Jiirgens, 2005). These dynamic events in cytokinesis are 
supported by a microtubule (MT)-based structure known as a phragmoplast, 
which consists of bundled antiparallel non-kinetochore MTs between the two 
daughter nuclei. At an early stage, the phragmoplast has a barrel-like shape, 
and a new cell plate is generated at the midzone of the phragmoplast. Once 
cell plate formation begins, the phragmoplast changes into a ring-like struc- 
ture, and expands centrifugally while maintaining its localization at the edge 
of the growing cell plates. The cell plates are thought to originate from Golgi- 
derived transport vesicles (Yasuhara et ah, 1995, 2000; Nebenfiihr et ah, 2000; 
Segui-Simarro et ah, 2004). The Golgi-derived vesicles are transported along 
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the phragmoplast, continuously fused at the equatorial region, and the new 
cell plates expand as the cell walls mature. 

Several factors involved in membrane fusion machinery in cytokinesis have 
been identified from Arabidopsis mutants (Nacry et al, 2000; Jiirgens, 2005). 
KNOLLE, a plant-specific syntaxin, and KEULE, a Seel homolog, are key 
regulators of vesicle trafficking. These two proteins interact and participate 
in the fusion of Golgi-derived vesicles, which results in the formation of cell 
plate during cytokinesis (Lukowitz et al, 1996; Waizenegger et al, 2000; As- 
saad et al, 2001). Dynamin-related proteins (ADL1A and ADL1E) seem to be 
involved in vesicle fusion during cytokinesis (Kang et al, 2003). Other factors 
including KORRIGAN and CYT1 encode the enzymes required for synthe- 
sis and/or maturation of a new cell plate (Zuo et al, 2000; Lukowitz et al, 
2001). Membrane dynamics, i.e., the formation of cell plates during cytoki- 
nesis, depend on the dynamics of microtubules and actin filaments in the 
phragmoplasts. It has been revealed that an MAPK cascade is essential for 
phragmoplast dynamics during the expansion of cell plates and progression 
of cytokinesis in plants (Fig. 12.1; Hiilskamp et al, 1997; Nishihama et al, 1997, 
2001, 2002; Spielman et al, 1997; Strompen et al, 2002; Soyano et al, 2003; Yang 
et al, 2003; Tanaka et al, 2004). Chapter 4 of this book provides an in-depth 
account of various MAPK cascades in plants. 
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Figure 12.1 The NACK-PQR pathway that controls plant cytokinesis. The components 
of the NACK-PQR pathways in tobacco and Arabidopsis are shown. 
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12.4.2 NPK1: an MAPK kinase kinase required for cell 
plate expansion 

NPK1 (nucleus- and phragmoplast-localized protein kinase 1) was identified 
as a gene that is specifically transcribed in actively dividing cells. The NPK1 
gene from tobacco encodes a member of the MAPKKK family and the kinase 
domain of NPK1 can replace the functions of several yeast MAPKKKs (Banno 
et ah, 1993; Machida et ah, 1998). The NPK1 gene is transcribed in meristematic 
tissues and immature organs, not in mature organs (Nakashima et ah, 1998). 
Arabidopsis homologs (ANP1, ANP2, and ANP3) of NPK1 are also preferen- 
tially transcribed in organs that contain proliferating cells (Nishihama et ah, 
1997). These results suggest that NPK1 MAPKKKs play a role in the signaling 
pathway regulating plant cell division (Nishihama et ah, 2001). 

In BY-2 tobacco cells, the kinase activity of NPK1 specifically increases in 
the late M phase of the cell cycle, following transcription of the NPK1 gene 
and accumulation of NPK1 protein at the initiation of M phase (Nishihama et 
ah, 2001). NPK1 is localized in the nucleus at the interphase and the prophase 
prior to the breakdown of the nuclear envelope, whereas it is localized in 
the cytoplasm at the metaphase (Nishihama et ah, 2001). During cytokinesis, 
when the kinase activity of NPK1 increases, NPK1 shifts to the leading edge of 
the equatorial zone of the phragmoplast (Fig. 12.2a, Color plate 21; Nishihama 
et ah, 2001). Overexpression of a kinase-def ective mutant of NPK1 (NPK1 :KW) 
in BY-2 cells caused the inhibition of the lateral expansion of the phragmo- 
plast and the generation of multinucleated cells with incomplete cell plates 
(Fig. 12.2b, Color plate 21; Nishihama et ah, 2001). 

Arabidopsis homologs of NPK1 (ANP1, ANP2, and ANP3) also appear to be 
involved in cytokinesis. Loss of function of two of the three homologs of NPK1 
(ANP2 and ANP3) causes defects in cytokinesis, especially, the formation of 
multinucleated cells with incomplete cell walls (Krysan et ah, 2002). These 
results suggest that the MAPK cascade including the NPK1 MAPKKK family 
is necessary for the progression of cytokinesis in plants. 



1 2.4.3 NACK1 : activator of the NPK1 MAPKKK that is a 
kinesin-like protein 

Animals and yeast have several proteins that can regulate the MAPKKKs 
via protein-protein interaction. To isolate the activators of NPK1 MAPKKK, 
we used a functional yeast genetic system based on the mating pheromone- 
responsive MAPK cascade, which consists of STE11 MAPKKK, STE7 MAPKK, 
and FUS3 MAPK (Irie et ah, 1994). We identified two KLPs in tobacco, which 
we designated as NPK1 -activating kinesin-like proteins 1 and 2 (NACK1 and 
NACK2). Both these proteins interact with NPK1 and increase its protein 
kinase activity (Nishihama et ah, 2002). In tobacco BY-2 cells, the NACK1 
and NACK2 mRNAs and NACK1 protein accumulate only at the M phase of 
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the cell cycle, which is consistent with the increase of NPK1 kinase activity 
(Nishihama et al, 2002). 

Yeast two-hybrid and in vitro immunoprecipitation assays using recom- 
binant proteins have shown that the stalk domain of NACK1 binds directly 
to the regulatory domain of NPK1 via these predicted coiled-coil structures 
(Ishikawa et al, 2002). During late anaphase and telophase, NACK1 is con- 
sistently colocalized with NPK1 at the equatorial zone of the phragmoplast 
(Fig. 12.2a, Color plate 21), whereas the deletion of the regulatory domain of 
NPK1, which contains the NACK1 -binding site, eliminates its localization to 
the equator of the phragmoplast (Nishihama et al., 2002). Overexpression of a 
mutant NACK1 protein that lacks the putative motor region (NACK1:ST) in 
tobacco cells result in failure to accumulate NPK1 proteins at the phragmo- 
plast equator and cytokinesis defects (Nishihama et al, 2002). This suggests 
that NACK1 plays a role as a positive regulator in both the recruitment of 
NPK1 to the phragmoplast midzone and the activation of NPK1 MAPKKK 
during cytokinesis. Recently, Weingartner et al. (2004) reported that the over- 
expression of the constitutively active form of cyclin Bl disrupts the proper 
localization of NACK1 on the phragmoplast MTs during cytokinesis. It is in- 
teresting to know whether CDK / cyclin complexes regulate the localization 
and activation of NACK1/NPK1 complex. 

The homologs of the NACK1 and NACK2 genes in Arabidopsis are desig- 
nated AtNACKl and AtNACK2 and are identical to HINKEL (HIK) and STUD 
(STD)/TETRASPORE (TES), respectively (Nishihama et al, 2002; Strompen 
et al, 2002; Yang et al, 2003). Loss-of-function mutations in AtNACKl/HIK 
and STD/TES/AtNACK2 result in the occasional failure of somatic and male- 
meiotic cytokinesis, respectively (Hulskamp et al, 1997; Spielman et al, 1997; 
Nishihama et al, 2002; Strompen et al, 2002; Yang et al, 2003). Recently, it has 
been shown that these genes have redundant functions and are essential for 
cytokinesis during both male and female gametogenesis (Tanaka et al, 2004). 

12.4.4 The NACK-PQR pathway: an MAPK cascade that 
regulates the progression of cytokinesis 

We identified the NQK1 /NtMEKl and NRK1 proteins of tobacco as a MAPKK 
and MAPK, respectively, which act downstream of NPK1 (Soyano et al, 2003). 
To isolate downstream factors of NPK1, we used a yeast genetic system that 
is based on the osmosensing MAPK cascade of yeast (Brewster et al, 1993; 
Maeda et al, 1994, 1995). By screening the yeast cell's library under high 
osmotic conditions, we isolated NQK1 cDNA. NRK1 was isolated as a binding 
partner of NQK1 using a yeast two-hybrid system. NPK1 phosphorylates and 
activates NQK1, which in turn phosphorylates and activates NRK1 (Soyano 
et al, 2003). Although NPK1 and NACK1 proteins rapidly disappear after the 
M phase, NQK1 and NRK1 proteins accumulate throughout the cell cycle. 
Activities of NPK1, NQK1, and NRK1 in tobacco cells, however, increase at 
the late M phase of the cell cycle and decrease after the M phase, and the 
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Figure 12.3 Specific activation of PQR MAPK cascade at the late M phase and 
phosphorylation of MAP65, a downstream factor of NRK1 MAPK. (a) The graph shows a 
plot of the mitotic indices of BY-2 cells synchronized at M phase. The cell cycle was 
arrested at prometaphase by propyzamide after release from an aphidicolin block. The 
protein kinase activities of NPK1, NQK1, and NRK1 were determined by immunocomplex 
kinase assays using recombinant kinase-negative NQK1, kinase-negative NRK1, and 
myelin basic proteins as substrates, respectively. Accumulation of NtMAP65-1 
phosphorylated on Thr-579 was detected with rabbit antibodies against NtMAP65-1 
phosphorylated on Thr-579 by Western blotting (bottom). 



patterns of activation of these protein kinases are similar to the pattern of 
NACK1 accumulation (Fig. 12.3a; Nishihama et al., 2001; Soyano et ah, 2003). 
Moreover, studies on the subcellular localization of NQK1 and NRK1 revealed 
that they were also localized at the equator of the phragmoplast at least during 
telophase (unpublished data). These results suggest that the activation of 
NPK1 MAPKKK by NACK1 binding causes the activation of NRK1 MAPK 
via the activation of NQK1 M APKK at the equator of the phragmoplast during 
cytokinesis. 

The role of NQK1 in cell division was demonstrated by overexpressing a 
kinase-defective mutant form of NQK1 (NQK1:KW) in BY-2 cells and by mu- 
tation of ANQ1 , the Arabidopsis homolog of NQK1 . The NQK1 :KW expressing 
cells and anql mutants were multinucleated and had incomplete cell plates 
(similar to Fig. 12.2b, Color plate 21). This indicates that NQK1 is required for 
the expansion of the phragmoplast and formation of the cell plates (Soyano 
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et al, 2003). Although the activation of NRK1 is tightly coupled to the acti- 
vation of NPK1 and NQK1, involvement of NRK1 in the formation of cell 
plates has not yet been experimentally demonstrated. Recently we identified 
a loss-of-f unction mutant of an Arabidopsis homolog of NRK1 (ANR1) that 
is defective in cytokinesis (unpublished data). These results suggest that the 
MAPK cascade composed of NPK1 MAPKKK, NQK1 MAPKK, and NRK1 
MAPK are activated by the binding of NACK1/2 KLP and promotes the for- 
mation of cell plate. We designated this cascade as the NACK-PQR pathway 
(Fig. 12.1; Soyano et al, 2003). 

The phenotypes generated by the overexpression of the dominant-negative 
mutants of NACK1, NPK1, and NQK1 are similar to those of cells treated 
with taxol, a compound that blocks the depolymerization of microtubules 
(Yasuhara et ah, 1993). This suggests that MT disassembly is required for 
phragmoplast expansion. In the cells from atnackl/hik mutant plants of Ara- 
bidopsis, phragmoplast microtubules persist in the center of the division plane, 
suggesting that the disassembly of phragmoplast microtubules is inhibited 
in these cells (Strompen et al, 2002). Thus, the activation of the NACK-PQR 
pathway appears to be necessary for the reorganization of phragmoplast mi- 
crotubules in the expansion of the phragmoplast during cell plate formation. 
Factors acting downstream of the NACK-PQR pathway may therefore control 
microtubule dynamics. 

12.4.5 MAP65: an MAP that is a downstream factor of NRK1 

Several MAPs purified from tobacco BY-2 cells are phosphorylated by active 
NRK1 in vitro. One of these candidate substrates is NtMAP65-la, a protein 
belonging to the MAP65/Asel/PRC1 family (Sasabe et al, 2006; Sasabe and 
Machida, 2006). This family of proteins is conserved among a variety of or- 
ganisms and includes Aselp (anaphase spindle elongation factor) in yeast 
(Pellman et al, 1995; Schuyler et al, 2003), PRC1 (protein regulator of cytoki- 
nesis 1) in mammals (Jiang et al, 1998), SPD1 (spindle defectivel) in C. elegans 
(Verbrugghe and White, 2004), and Feo (Fascetto) in Drosophila (Verni et al, 
2004). These MAPs localize to the cy to kinetic apparatus, and most of them 
are involved in cytokinesis. 

In vitro, NRK1 phosphorylates NtMAP65-la at a single site, Thr-579, in the 
carboxy-terminal region. Specific antibodies against Thr-579-phosphorylated 
NtMAP65-l have revealed that NtMAP65-l is phosphorylated at this site 
in vivo. In synchronized BY-2 cells, NtMAP65-l phosphorylated at Thr- 
579 accumulates at the late M phase (Fig. 12.3a, Color plate 22), although 
the total amount of NtMAP65-l does not change. Such a pattern of phos- 
phorylation is consistent with the pattern of NACK1 accumulation and 
NPK1, NQKl/NtMEKl, and NRK1/NTF6 activation. Immunostaining with 
NtMAP65-l antibodies also revealed NtMAP65-l on various MT structures 
throughout the cell cycle. Interestingly, NtMAP65-l phosphorylated on Thr- 
579 is concentrated at the equator of the phragmoplast along with other 
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components of the NACK-PQR pathway, although NtMAP65-l can be found 
throughout the entire phragmoplast (Fig. 12.3b, Color plate 22; Sasabe et ah, 
2006). Overexpression of MMAP65-1 that is not phosphorylated by MAPK in 
tobacco cells confers the phragmoplast and cortical MTs resistance to depoly- 
merization by propyzamide, and it delays the expansion of the phragmoplast 
(Sasabe et ah, 2006). These findings suggest that NtMAP65-l is phosphory- 
lated by MAPK, which localizes at the phragmoplast midzone in tobacco 
cells and regulates phragmoplast expansion by promoting the instability of 
midzone MTs. Putative MAPK phosphorylation sites are conserved in many 
members of the MAP65 protein family in plants and animals. It will be inter- 
esting to investigate whether the mechanism by which the MAP65 function 
is regulated by MAPKs is conserved among a variety of plant MAP65s. 

12.5 Concluding remarks 

Recent genetic and biochemical analyses have revealed the presence of reg- 
ulatory systems for the progression of cell division including the entry of 
mitosis, segregation of chromosomes, and cytokinesis in plants. The control- 
ling system for the progression of mitosis from the entry of mitosis to the 
exit of chromosome segregation in plants seems to be basically conserved in 
both plants and animals. These organisms, however, might have at least two 
distinct systems that operate for the progression of the cell cycle because pro- 
cesses of cytokinesis in these organisms appear to be different and a plant cell 
has a large number of diverged CDKs and cyclins. Cytokinesis is achieved by 
the formation of cell plates in plant cells and by the furrow constriction in an- 
imal cells. The formation of cell plate includes many different processes such 
as de novo synthesis of cell walls and fusion of cell membranes in addition 
to microtubule turnover. Such complex processes must be coordinated and 
regulated for the proper formation of cell plates. The plant cells must have 
evolved unique systems for the formation of cell plates. The NACK-PQR 
system might be one such unique system. It is interesting to examine whether 
the NACK-PQR system can regulate the above-mentioned multiple processes 
for cell plate formation. The NACK-PQR system is activated by the interaction 
between NACK1 KLP and NPK1 MAPKKK at the late M phase. The critical 
question may be how the interaction can be regulated during the progression 
of M phase. There might be a regulating system for the interaction because 
both NACK1 and NPK1 proteins are present from an early M phase in which 
NPK1 activity is not detected. 

Another question for these distinct systems is related to the presence of a 
large number of diverged CDKs and cyclins — how the physical interaction 
between CDKs and cyclins can be regulated for their proper activation. In 
particular, it appears to be crucial to reveal the roles of plant-specific CDK, 
CDKB, and other diverged types of CDK proteins. It should also be important 
to elucidate how specific interactions between those CDKs and corresponding 
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cyclins can be achieved during the progression of the cell cycle in a plant. In 
addition, further efforts by genetic and biochemical analyses may disclose 
molecular mechanisms that regulate systematic links among the pathways of 
CDK/ cyclin, Aurora kinase, and MAPK. 
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Abstract: A pair of guard cells forms a stomatal pore in the epidermis of plant aerial 
tissues. Stomatal pores can open and close to regulate gas exchange in response to 
environmental stimuli, such as the plant hormone abscisic acid (ABA), water sta- 
tus, temperature, and light conditions, CO2 exchange between plants and the atmo- 
sphere, and bacterial invasion. For example, elevated ABA and CO2 levels induce 
stomatal closure, whereas blue light causes stomatal opening. It is hypothesized 
that guard cells possess signaling mechanisms that integrate multiple environmen- 
tal signals to persuade stomatal movement and to regulate plant survival under 
various conditions. Recent integrated approach has allowed us to gain a glimpse 
of the network of signal transduction mechanisms in the modulation of stomatal 
movement. Molecular genetic studies together with cell biological analysis have 
revealed many signaling components and pathways involved in the regulation 
of stomatal movement. Genomics- and systems-based approaches have led to the 
generation of models of the signaling network in guard cells. This chapter focuses 
on recent advances in our understanding of the mechanisms of guard cell signaling 
and the interaction of multiple signals to modulate guard cell movement. 

Keywords: stomatal movement; abscisic acid (ABA); CO2; cytosolic calcium; blue 
light 



13.1 Introduction 

A pair of specialized kidney-shaped cells, termed guard cells, forms a pore, 
named stomata, which are inhabitant in the epidermis of the aerial parts of 
higher plants. The opening and closing of stomatal pores are the result of 
movement of guard cells that requires turgor and volume changes, which 
are regulated by a number of signaling events (Allan et ah, 1994; Jacob et ah, 
1999; Ng et ah, 2001; Schroeder et ah, 2001a,b; Israelsson et ah, 2006; Li et ah, 
2006; MacRobbie, 2006). To regulate gas exchange between intercellular spaces 
within the plant tissue and the surrounding environment, the stomata opens 
to permit CO2 entry for photosynthetic carbon fixation and closes to prevent 
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loss of water evaporation during transpiration. Excessive loss of water results 
in drought stress, growth arrest, and even death of plants. Consequently, the 
balancing act of stomatal opening and closing to regulate photosynthesis 
and transpiration is critical for plant growth and survival (Hetherington and 
Woodward, 2003; Israelsson et ah, 2006). 

The central role of guard cells in regulating gas exchange is of impor- 
tance for ecological and biotechnological applications (Schroeder et ah, 2001b; 
Hetherington and Woodward, 2003). Stress conditions such as drought cause 
dramatic crop losses and freshwater consumption. Recent studies in Arabidap- 
sis have demonstrated that stomatal responses can be manipulated by modi- 
fying guard cell signal transduction elements to reduce transpirational water 
loss and desiccation during drought periods (Schroeder et ah, 2001b; Hugou- 
vieux et al., 2002; Li et al., 2002; Israelsson et ah, 2006). Stomatal movement is 
also an important mechanism for defense responses against pathogens that 
enter plant tissues through stomata (Melotto et ah, 2006). Many physiological 
signals, such as the hormones including abscisic acid (ABA), auxin, cytokinin, 
and gibberellins, and environmental cues, such as red and blue light, CO2, 
plant pathogen (i.e., bacteria), influence stomatal opening and closing. There- 
fore, guard cells have become a popular single-cell system for exploring the 
signaling cascade of the genes and proteins and the mechanism for integrating 
various signals. 

Guard cells have also been used as a model system for investigating the 
role and the regulation of ion channels (Schroeder et al., 2001b; Hetherington 
and Woodward, 2003; Israelsson et al., 2006; Li et al, 2006). Stomatal move- 
ment is the result of guard cell turgor changes. An increase in turgor drives 
the expansion of the more elastic outer side of the guard cell wall, pulling 
open the inner sides that form the pore. The activity of both inward and out- 
ward ion channels ultimately plays a key role in the determination of turgor 
pressure in guard cells. Therefore, research on guard cell movement has re- 
volved around guard cell ion channels and the mechanism regulating them. 
A patch clamping technique has been crucial in the identification and charac- 
terization of ion channels involved in guard cell movement (Schroeder et ah, 
1987, 2001b; Allen et al, 2001). Integration of this technique with other power- 
ful approaches, including biochemistry, genetics, cell biology, genomics, and 
proteomics, has led to the wealth of knowledge of signaling mechanisms and 
networks underlying guard cell movement (Leonhardt et ah, 2004; Israelsson 
et ah, 2006; Li et ah, 2006). Consequently, the guard cell has become one of 
the most studied and better understood signaling systems in plants. Due to 
space limitation, this chapter is intended to highlight our recent advances in 
our understanding of the guard cell signaling network that integrates var- 
ious signals, such as plant hormones, ABA, CO2 concentration, blue light, 
and pathogen infections. A network of signals will be discussed (Fig. 13.1). 
Readers are referred to a number of excellent recent reviews for more details 
of elucidating the molecular mechanisms of guard cell signal transduction 
(Assmann and Shimazaki, 1999; Blatt, 2000; Hetherington, 2001; Schroeder 
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Figure 13.1 Guard cell signaling network. This figure shows four major signals, ABA, 
C0 2 , blue light, and plant pathogen networking in guard cells. The solid line represents 
the ABA signaling pathways; the dashed line represents CO2 signaling pathways; the 
dotted line represents blue light signaling pathways; and the dash-dotted line represents 
the pathogen signaling pathways. The full names of signaling components corresponding 
to each abbreviated label are shown below: 

ABA, abscisic acid; ABAR, ABA receptor; ABI1, protein phosphatase 2C ABI1; Actin, actin 
cytoskeleton reorganization; Blue light, blue light signaling; cADPR, cyclic ADP-ribose; 
CaJj, cytosolic calcium; CICR, Ca 2+ -induced Ca 2+ release; CO2, carbon dioxide 
signaling; COM, coronatine-insensitive 1, a subunit of an E3 ubiquitin ligase; Coronatine, 
virulence factor secreted by Pst DC3000; FLS2, flagellin receptor; CCA2, ABA-insensitive 
mutant growth control by aba2; GCR2, G-protein-coupled receptor; H+-ATPase, 
H + -ATPase at the plasma membrane; H2O2, hydrogen peroxide; HT1, high leaf 
temperature 1, HT1 kinase; lnsP 3 , inositol-1,4,5-trisphosphate; lnsP 6 , myo-inositol 
hexakisphosphate; Kt / K+ Ut , potassium (K + ) -inward / -outward channels; MT, 
microtubule; NO, nitric oxide; OST1, protein kinase open stomata 1; Pathogen, 
Psuedomonas syringae signaling model; Photl and Phot2, light-activated, FMN-binding 
receptor kinase, phototropin 1 and 2; PIP, Vfphotla interacting protein; PP1, protein 
phosphatase 1; RAC1, small GTPase RAC1; SA, salicylic acid; 14-3-3, 14-3-3 protein. 



et ah, 2001a,b; Hetherington and Woodward, 2003; Israelsson et ah, 2006; Li 
et al, 2006; Young et ah, 2006). 



13.2 ABA- mediated guard cell signaling 

ABA plays an important role in the regulation of development and responses 
to environmental stresses, such as drought, salinity, cold, as well as in the reg- 
ulation of stomatal movement. To conserve water, ABA level builds up in the 
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leaves upon drought stress, and ABA inhibits the opening of closed stomata 
and promotes the closing of open ones. These are two separate turgor-driven 
processes involving the coordinated activation and inhibition of inwardly 
and outwardly directed cation and anion channels present in the plasma and 
tonoplast membranes (MacRobbie, 1995, 1998; Blatt, 2000; Hetherington, 2001 ; 
Schroeder et ah, 2001b). Perhaps because of its importance in drought toler- 
ance, ABA has received the most attention among various signals that regu- 
late stomatal movement. Thus, ABA signaling mechanisms in guard cells are 
relatively well understood. Two recent advances have propelled our under- 
standing of ABA signaling in guard cells yet to another level. ABA receptors 
had remained elusive until the recent consecutive reports of three distinct 
receptors (Razem et al, 2006; Shen et al, 2006; Liu et al, 2007). Within the last 
two years, three Arabidopsis ABA receptors have been identified one after an- 
other: (a) FCA, a nucleus-localized RNA-binding protein that acts as an ABA 
receptor in complex with FY and specifically functions in flowering (Razem 
et al, 2006), (b) ABAR/CHLH, the H subunit of Mg-chelatase (CHLH) that 
is localized to the chloroplast and acts as an ABA receptor in the regulation 
of seed germination, postgermination growth, and stomatal movement (Shen 
et al, 2006), and (c) GCR2, a G-protein-coupled receptor that is localized to the 
plasma membrane (PM) and appears to mediate all known ABA responses 
in Arabidopsis (Liu et al., 2007). However, the relative contribution for each of 
ABAR/ CHLH and GCR2 to the regulation of stomatal movement has yet to 
be evaluated. The regulation of stomatal aperture is a highly dynamic com- 
plex process that requires a systems-level analysis of ABA receptors and their 
signaling components. A large number of cellular components in the ABA 
regulation of aperture changes are known (Fig. 13.2), but we were completely 
ignorant of their roles in stomatal movement at the quantitative level until a 
recent study from Assmann's group (Li et al., 2006). Using mathematical mod- 
eling, Li et al. (2006) recapitulated a model that integrates more than 40 identi- 
fied network components in the regulation of ABA-induced stomatal closure 
(Li et al., 2006). The model reveals novel predictions regarding how strongest 
reduction in ABA responsiveness can be achieved by disrupting key nodes in 
the network, such as membrane depolarization, anion efflux, actin cytoskele- 
ton reorganization, cytosolic pH increase, the phosphatidic acid pathway, or 
K + efflux through slowly activating K + channels at the PM (Li et al, 2006) . 

13.2.1 Ion channels 

Stomatal closure requires massive ion efflux from guard cells (MacRob- 
bie, 1995, 1998; Blatt, 2000; Schroeder et al, 2001b), which involves coor- 
dinated activation and inhibition of inwardly and outwardly directed PM- 
localized cation and anion channels (Hamilton et al, 2000; Hetherington, 2001 ; 
Schroeder et al, 2001b; Maeser et al, 2003). In guard cells, the initiation of K + 
and anions efflux, the removal of sucrose, and the conversion of malate to 
osmotically inactive starch can all result in the reduction of turgor pressure 
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Figure 1 3.2 Guard cell ABA signaling. This figure summarizes most of the components 
involved in ABA-induced guard cell closure. The solid line represents the proposed 
working model for ABA signaling in guard cells. The dashed line represents the signaling 
pathways with unknown mechanisms. The full names of signaling components 
corresponding to each abbreviated label are shown below: 

AAPK, an ABA-activated protein kinase; ABAR, ABA receptor; ABI1, protein phosphatase 
2C ABI1; ABI2, protein phosphatase 2C ABI2; ABH1, mRNA cap-binding protein; Actin, 
actin cytoskeleton reorganization; ATHB6, Arabidopsis homeodomain-binding protein 6; 
Atrboh, NADPH oxidase; cADPR, cyclic ADP-ribose; Ca 2 ^, cytosolic calcium; CICR, 
Ca 2+ -induced Ca 2+ release; ERA1, farnesyl transferase ERA1; CCA2, ABA-insensitive 
mutant growth control by aba2; GCR1, putative C-protein-coupled receptor; CCR2, 
C-protein-coupled receptor; CORK, guard cell outward-rectifying K + channel; CPA1, 
heterotrimeric C protein a subunit; H + -ATPase, H + -ATPase at the plasma membrane; IP3, 
inositol-1,4,5-trisphosphate; IP 6 , myo-inositol hexakisphosphate; KAT1, inward-rectifying 
K + channel; NIA12, nitrate reductase; NO, nitric oxide; OST1, protein kinase open 
stomata 1 ; PA, phosphatidic acid; pH cyt , cytosolic pH; PLC, phospholipase C; PLD, 
phospholipase D; RAC1, small GTPase RAC1; RCN1, protein phosphatase 2A; ROS, 
reactive oxygen species; ROP10, small GTPase ROP10; RPK1, receptor-like protein 
kinasel ; R-type anion channel, rapid transient type of anion channel; SphK, sphingosine 
kinase; SIP, sphingosine-1 -phosphate; SNAREs, soluble N-ethylmaleimide-sensitive factor 
attachment protein receptors; S-type anion channel, slow transient type of anion channel. 

of guard cells, leading to stomatal closure (Schroeder et al, 1987; MacRobbie, 
1995, 1998). As depicted in Fig. 13.2, ABA regulates three cellular activities that 
coordinately inhibit inward K + (Kj,) channels and activate outward K + chan- 
nels (Kj ut ). First of all, ABA elevates cytosolic Ca 2+ concentrations ([Ca 2+ ] cyt ) 
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(McAinsh et ah, 1990). The elevated [Ca 2+ ] cyt inhibits PM-localized proton 
pumps (Kinoshita et ah, 1995; Brault et al, 2004) and ICt channels and acti- 
vate two different types of anion channels: slow-activating sustained (S-type) 
and rapid transient (R-type) anion channels (Schroeder and Hagiwara, 1989; 
Hedrich et ah, 1990; Schroeder and Keller 1992). Secondly activation of these 
anion channels and inhibition of the proton pump cause PM depolarization, 
leading to inhibition and K^ ut activation. Thirdly ABA also elevates cy- 
tosolic pH (pH cyt ) by an unknown mechanism, although a pH cyt increase is 
also dependent upon [Ca 2+ ] cyt elevation (Irving et ah, 1992; Brault et ah, 2004; 
Jia and Davies, 2007). Increases in pH cyt levels directly enhance the opening 
of voltage-activated K+ Ut and promote the opening of anion efflux channels 
(Blatt and Armstrong, 1993; Hosy et al, 2003; Wang et al, 2005). The persis- 
tent efflux of both anions and K + contributes to the loss of guard cell turgor 
(Homann and Thiel, 2002; Hosy et al, 2003), leading to stomatal closing. 

In the guard cell, over 90% of ions exported from the guard cells dur- 
ing stomatal closing must first be transported from vacuoles into the cytosol 
(Ward and Schroeder, 1994; MacRobbie, 1995; Ward et ah, 1995; Allen and 
Sanders, 1996; MacRobbie, 1998, 2002, 2006; Allen et al, 1999b, 2001). The 
[Ca 2+ ] cy t elevation also activates vacuolar K + (VK) channels to release K + 
from the vacuole (Ward and Schroeder, 1994; MacRobbie, 2002). The signaling 
mechanism for [Ca 2+ ] cyt activation of VK remains obscure. Evidence suggests 
protein tyrosine dephosporylation may be involved, but its molecular basis 
is unknown (MacRobbie, 2002). 



1 3.2.2 Ca 2 elevation and oscillation 

As discussed above, it is well established that ABA-induced stomatal clos- 
ing is dependent upon Ca 2+ (DeSilva et al, 1985; Schwartz, 1985; Schroeder 
and Hagiwara, 1989; Gilroy et al, 1990; Webb et al, 2001; Marten et al, 2006), 
although a Ca 2+ -independent ABA signaling pathway also appears to exist 
(Allan et al, 1994; Israelsson et al, 2006; Marten et al, 2006). It seems that 
both [Ca 2+ ] cyt elevation and oscillation signal to ABA-mediated stomatal clo- 
sure. Molecular and genetic studies support the importance of ABA-induced 
[Ca 2+ ] cyt elevations in guard cells (McAinsh et al, 1990; Allen et al, 1999a, 
2001, 2002; Wood et al, 2000; Schroeder et al, 2001b; Han et al, 2003; Tang 
et al, 2007). In Arabidopsis, the ABA-insensitive mutants, abil-1 and abil-l, 
in which ABA induction of stomatal closure is suppressed, an ABA-induced 
[Ca 2+ ] cy t increase is greatly compromised (Allen et al, 1999a). By using viable 
stomata in epidermal strips of a transgenic line of tobacco expressing ae- 
quorin (the proteinous luminescent reporter of Ca 2+ ), it was shown that the 
ABA-induced stomatal closure resulted from [Ca 2+ ] cy t increases in epidermal 
strips (Wood et al, 2000). ABA-induced [Ca 2+ ] cyt increases were also observed 
in the study of the ABA-hypersensitive mutant earl-2. At low ABA concentra- 
tions, increases of [Ca 2+ ] cy t in guard cells and stomatal closure were greatly 
enhanced in the earl-2 mutant compared with the wild type (Allen et al, 2002). 
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Oscillations in free [Ca 2+ ] cy t are important for Ca 2+ -based signaling 
(McAinsh et al, 1995; Staxen et al, 1999; Allen et al, 2000, 2001; Schroeder et al, 
2001b). Different mechanisms may contribute to the generation of [Ca 2+ ] cyt 
oscillations (Staxen et al, 1999; Allen et al, 2001; Schroeder et al, 2001b). A de- 
fined window of guard cell Ca 2+ oscillation parameters was varied by using 
a "calcium clamp" (Allen et al, 2000, 2001), and it was shown that the long- 
term steady-state stomatal closure was "calcium programmed" by guard cell 
[Ca 2+ ] cyt oscillations (Allen et al, 2001). During stomatal closure, Ca 2+ oscil- 
lations can be induced by an increase in external (apoplastic) Ca 2+ , including 
the repetitive Ca 2+ influx across the PM coupled to Ca 2+ release from intra- 
cellular stores for each separate Ca 2+ transient (McAinsh et al, 1995; Grabov 
and Blatt, 1998; Allen et al, 2000, 2001). ABA induces oscillations in the guard 
cell [Ca 2+ ] cyt , and the pattern of the oscillations depends on ABA concentra- 
tions and correlates with the final stomatal aperture (Staxen et al, 1999). In 
the Arabidopsis V-ATPase mutant de-etiolated 3 (det3), external Ca 2+ and ox- 
idative stress elicited prolonged Ca 2+ increases, which did not oscillate, and 
stomatal closure was abolished. Moreover, in det3 guard cells, experimen- 
tally imposing external Ca 2+ -induced oscillations rescued stomatal closure. 
These data provide genetic evidence that stimulus-specific Ca 2+ oscillations 
are necessary for stomatal closure (Allen et al, 2000). 

13.2.3 Regulation of PM-localized Ca 2+ influxes 

It is not clear what are the upstream mechanisms by which the sensitiv- 
ity of [Ca 2+ ] C yt is regulated. Genetic and cell biological studies in Arabidop- 
sis have implicated a role for reactive oxygen species (ROS) and H2O2- 
induced [Ca 2+ ] cyt elevations in ABA signaling in guard cells (Pei et al, 2000). 
Further studies confirm that there is a close relationship between ABA and 
the spatial and temporal pattern of NO and H2O2 production in guard cells. 
ABA-induced stomatal closure is dependent upon the endogenous H2O2 pro- 
duction. H2O2 in turn induces NO generation (Figs. 13.1 and 13.2). Both ABA 
and H 2 0 2 stimulate NO synthesis (Garcia-Mata and Lamattina, 2002; Bright 
et al, 2006). Moreover, in Arabidopsis and Vicia guard cells, it has been shown 
that NO selectively regulates Ca 2+ -sensitive ion channels by promoting Ca 2+ 
release from intracellular stores to raise [Ca 2+ ] cyt , and this NO-sensitive Ca 2+ 
release might act via a cGMP-dependent cascade (Garcia-Mata et al, 2003) 
(Fig. 13.2). 

13.2.4 Regulation of intracellular Ca 2+ stores 

Several intracellular Ca 2+ stores have been implicated in ABA and [Ca 2+ ] cyt 
signaling in guard cells. There are three second messengers implicated in the 
regulation of [Ca 2+ ] C y t stores in animal cells: (a) cyclic ADP-ribose (cADPR), 
(b) nicotinic acid adenine dinucleotide phosphate (NAADP), and (c) inositol- 
1,4,5-trisphosphate (InsPa) (Lee, 2001). In light of the function of intracellular 
Ca 2+ stores in the ABA signal transduction pathways, second messengers of 
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Ca 2+ stores, cADPR, InsP3 and InsP6 are summarized here (Figs. 13.1 and 
13.2). cADPR is produced from NAD through action of the enzyme ADP- 
ribosyl cyclase, and mobilizes Ca 2+ from intracellular stores by activating an 
endomembrane ion channel known as the ryanodine receptor (RYR) (Lee, 
2001). In plants, the vacuolar Ca 2+ release can be stimulated by nanomolar 
concentrations of cADPR (Allen et al., 1995). Microinjected cADPR activated 
transient expression of two ABA-responsive genes in tomato hypocotyls cells 
(Wu et al., 1997). Furthermore, overexpression of the Aplysia ADPR cyclase gene 
in Arabidopsis resulted in an increase in ADPR cyclase activity and cADPR lev- 
els, as well as elevated expression of a set of ABA-responsive genes (Sanchez 
et al., 2004). Taken together, these studies implicated cADPR as a second mes- 
senger in ABA signaling to the regulation of Ca 2+ elevation. In Commelina 
guard cells, ABA-induced [Ca 2+ ] cy t increases and stomatal closure are par- 
tially mediated by cADPR (Leckie et al., 1998), suggesting that additional 
parallel [Ca 2+ ] cy t elevation mechanisms exist in the ABA signaling cascade. 

Recent studies have suggested that at least two inositol phosphates can act 
as second messengers releasing Ca 2+ in the ABA modulation of stomatal clo- 
sure (Hunt et al, 2003; Lemtiri-Chlieh et al, 2000, 2003). InsP 3 is generated from 
phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P2] by the action of phos- 
pholipase C (PLC) (see Chapter 8). Immunolocalization suggests the presence 
of a Ca 2+ -activated PLC in tobacco guard cells (Hunt et al, 2003). In transgenic 
tobacco plants with reduced levels of PLC (due to cosupression induced by the 
full-length NrPLC2 cDNA expressed under the control of a guard cell-specific 
promoter), the guard cells appeared partially defective in ABA induction of 
aperture closing. These results imply the involvement of PLC in the ampli- 
fication of the Ca 2+ signal responsible for reduction of stomatal aperture in 
response to ABA (Hunt et al., 2003). Other inositol phosphates may also act as 
second messengers in ABA signal transduction pathways. The ;7?yo-inositol 
hexakisphosphate (InsPe) is the most abundant inositol phosphate in cells. 
It can mobilize an endomembrane store of calcium in guard cells. ABA ele- 
vates InsPg levels, and InsPgtriggers the release of Ca 2+ from endomembrane 
stores, which in turn inactivates the PM inward K + conductance in a cytosolic 
Ca 2+ -dependent manner (Lemtiri-Chlieh et al, 2000, 2003). 

13.2.5 Ca 2 sensing 

A recent study has identified Ca 2+ sensors that function to transduce the 
ABA signal in guard cells (Mori et al., 2006). The functions of two Arabidop- 
sis guard cell-expressed CDPK genes, CPK3 and CPK6, were studied. Double 
mutant alleles cpk3-cpk6 showed impairment in ABA- and Ca 2+ -activation of 
S-type anion channels. Surprisingly, they also impair ABA activation of Ca 2+ - 
permeable channels. Furthermore, ABA- and Ca 2+ -induced stomatal closing 
were partially impaired in these CDPK mutants. These findings showed im- 
portant functions of CDPKs (CPK3 and CPK6) in guard cell ion channel regu- 
lation and provided genetic evidence for Ca 2+ sensors involved in guard cell 
signaling (Israelsson et al, 2006; Mori et al, 2006). 
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13.2.6 The actin cytoskeleton 

Pharmacological studies support a role for the reorganization of actin fila- 
ments in the regulation of stomatal movement (Hwang et ah, 1997; Galatis and 
Apostolakos, 2004). Treatment with actin-depolymerizing drug cytochalasin 
D activated the channels and enhanced light-induced stomatal opening, 
whereas phalloidin (an actin filament stabilizer) inhibited currents and 
light-induced stomatal opening (Hwang et ah, 1997). In ABA-treated guard 
cells, the actin structure was altered from a radial pattern to a randomly ori- 
ented and short-fragmented pattern, raising the possibility that ABA could 
regulate stomatal movement through its action on the actin cytoskeleton 
(Eun and Lee, 1997). This notion is further supported by the involvement 
of ROP/RAC GTPases in the regulation of guard cell movement and ABA 
signaling (Lemichez et ah, 2001). ROP/RAC GTPases are the plant-specific 
subfamily of conserved Rho-family GTPases that are known to modulate 
actin organization (Yang, 2002) (see Chapter 3). Arabidopsis AtRacl/ROP6 
was reported to act as a negative regulator in the ABA-induced actin reorga- 
nization that promotes stomatal closure (Lemichez et ah, 2001). ABA treatment 
induced AtRacl /ROP6 inactivation and disruption of the actin cytoskeleton 
in guard cells. In the ABA-insensitive mutant abil-1, which is impaired in 
stomatal closure, neither AtRacl /ROP6 inactivation nor actin disruption was 
observed upon ABA treatment. These observations indicate that inactivation 
of AtRacl /ROP6 by ABA is essential for stabilization of actin architecture 
and for stomatal closure (Lemichez et ah, 2001). 

ABA-induced actin filaments reorganization has also been observed by a 
pharmacological study in guard cells of Commelina communis. ABA-induced 
actin changes were mediated by cytosolic calcium levels and by protein ki- 
nase and phosphatase activities (Hwang and Lee, 2001). When the guard 
cells were treated with CaCl2, the reorganization of actin filaments was simi- 
lar to that induced by ABA. A protein kinase inhibitor, staurosporine, could 
inhibit actin reorganization induced by ABA or CaCl2. However, a protein 
phosphatase inhibitor, calyculin A, could mimic ABA treatment and induced 
long radial cortical actin filaments in ABA- or CaCl2-treated guard cells 
(Hwang and Lee, 2001). Taken together, these studies reveal the significance of 
actin reorganization and small GTP-binding proteins in stomatal movement 
(Figs. 13.1 and 13.2). 

13.2.7 Genetic and genomic dissection of ABA signaling 
components in guard cells 

Genetic approach has been powerful for the discovery of new ABA signaling 
components in guard cells. The ABA-INSENSITIVE 1 {ABIT) and ABI1 genes, 
which encode protein phosphatase 2C(PP2C), have been shown to negatively 
regulate ABA signaling (Saez et ah, 2004, 2006; Yoshida et al, 2006a,b). ABI1, 
but not ABE, has been demonstrated to interact with OPEN STOMATA 1 
(OSTl/SnRK2E), a serine-threonine protein kinase that acts as a positive 
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regulator in ABA signaling (Mustilli et at, 2002; Yoshida et at, 2006b). In 
contrast to abil-1, abil-l did not abolish ABA activation of OST1 kinase 
activity; this suggests ABI2 functions downstream of OST1 (Yoshida et at, 
2006b), which is consistent with the differential effects of abil-1 and abil-l 
in the guard cell ABA signaling network (Murata et at, 2001). In Viciafaba, 
ABA-activated protein kinase (AAPK), a homolog of OST1, interacts with 
mRNA-binding protein AAPK-INTERACTING PROTEIN1 (AKIP1) (Li et at, 
2002). The Arabidopsis homolog to AKIP1, UBP1-INTERACTING PROTEIN 
2a (UBA2a) showed ABA-induced relocalization to nuclear speckles, but it 
did not appear to interact with the OST1 kinase (Riera et at, 2006). 

Combined genetic and biochemical analyses have revealed a connection be- 
tween PHOSPHOLIPASE Dal (PLDotl) and ABI1 in response to ABA (Zhang 
et at, 2005; Mishra et at, 2006). PLDotl-generated PA binds to ABI1, abolishing 
ABI1 inhibition of ABA-induced stomatal closing (Zhang et at, 2005; Mishra 
et at, 2006). In the knockout mutant pldDal, ABA-induced stomatal closure 
was abolished but the ABA response was rescued in the pldDalabil double 
mutant. G-PROTEIN ALPHA SUBUNIT 1 (GPA1) was shown to interact with 
PLDal and PA to mediate ABA inhibition of stomatal opening (Mishra et ah, 
2006) (Fig. 13.2). This finding agrees with the previous observation that the 
mutant gpal is insensitive to ABA inhibition of both stomatal opening and 
channel regulation in guard cells (Wang et at, 2001). 

An mRNA cap-binding protein, ABH1, was identified from the isolation of 
a recessive ABA- hypersensitive mutant, abhl. ABH1 encodes a nuclear mRNA 
cap-binding protein and functions in a heterodimeric complex to bind the 
mRNA cap structure (Hugouvieux et ah, 2001, 2002). abhl mutations enhance 
ABA induction of guard cell closure (guard cell closure was induced by 0.5 |jlM 
ABA) and increase cytosolic calcium levels, suggesting that ABH1 is involved 
in the amplification of early ABA signaling. It was suggested that ABH1 rep- 
resents a modulator of ABA signaling by affecting transcriptional regulation 
of early ABA signaling elements (Hugouvieux et at, 2001, 2002). Two guard- 
cell-specific MYB transcription factors that control stomatal aperture were 
identified almost simultaneously, AtMYB60 and AtMYB61, both of which are 
in the Arabidopsis R2R3-MYB family of transcription factors (Cominelli et at, 
2005; Liang et at, 2005). 

ABA regulates K + channel activity at the PM of guard cells, leading to 
stomatal closure. Analysis of a knockout mutant for GUARD CELL OUT- 
WARD RECTIFIYING K+ CHANNEL (GORK) indicates that additional types 
of K + transporters may act in parallel with guard cell K + channels (Hosy 
et at, 2003). By expressing a dominant-negative fragment, it was shown that 
the impairment of a SOLUBLE N-ETHYLMALEIMIDE-SENSITIVE-FACTOR 
ATTACHMENT PROTEIN RECEPTOR (SNARE) in tobacco prevented ABA- 
induced enhancement of K~Q Ut activity and reduction of KjJ, rectifying channel 
activity (Leyman et at, 1999). Further study indicates a key role for SNAREs 
in trafficking and positional anchoring of K + channel proteins in the PM 
(Sutter et at, 2006). The inward-rectifying Arabidopsis K + channel (KAT1) is 
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dependent on SNAREs for delivery to the PM, and KAT1 is localized within 
microdomain clusters at the PM (Sutter et ah, 2006). 

A recent study has identified TWO PORE CHANNEL 1 (TPC1), a gene 
that encodes essential subunits of the ubiquitous slow vacuolar channels. 
TPC1 functions in Ca 2+ -induced stomatal closing. Its regulation of stomatal 
movement, however, is independent of ABA (Peiter et ah, 2005). 

A role of ROS as a second messenger in guard cell ABA signaling was 
demonstrated by characterizing the Arabidopsis double mutant of AtrbohD 
(Arabidopsis thaliana RESPIRATORY BURST OXIDASE PROTEIN D) and 
AtrbohF (Kwak et ah, 2003). In atrbohD atrbohF, ABA-induced production 
of ROS was disrupted. ABA-induced Ca 2+ -permeable channel activation and 
stomatal closing were abolished, but the impairment was restored by H2O2 
application (Kwak et ah, 2003). Consistent with a role of ROS in guard cell 
signaling, ozone can stimulate stomatal closing. Ozone can induce oxidative 
burst, which is dependent on heterotrimeric G proteins (Too et ah, 2005). ROS 
signaling in guard cells has been discussed intensively in a recent review 
(Kwak et ah, 2006). 

A genetic screen for mutants that have altered responses to reduced relative 
humidity (RH) identified two genes involved in guard cell ABA signaling. 
OST1 encodes a protein kinase involved in ABA-induced stomatal closure, 
and ABA2 encodes an enzyme involved in ABA biosynthesis. Both abal and 
ostl are impaired in the reduction of stomatal conductance in response to low 
humidity transitions (Xie et ah, 2006; Yoshida et ah, 2006b). This suggests that 
OST1 protein is a required component in stomatal RH and ABA signaling. 
The participation of ABA signaling in RH responses supports an organized 
networking in guard cell signaling (Xie et ah, 2006). 

Genetic screens for the negative regulators of ABA responses identified the 
Arabidopsis ENHANCED RESPONSE TO ABSCISIC ACID 1 (ERA1) gene that 
encodes the (3-subunit of farnesyl transferase (FTase). Knockout mutations of 
ERA1 cause ABA-hypersensitive anion and Ca 2+ channel regulation, stom- 
atal closing, and reduced transpirational water loss (Culter et ah, 1996; Pei 
et ah, 1998; Allen et ah, 2002). ERA1 target proteins have not been clearly 
demonstrated yet. One putative target is ROP10, a member of the ROP/RAC 
GTPase family (Zheng et ah, 2002). The ropl 0-1 knockout mutant exhibited hy- 
persensitivity to ABA stimulation of stomatal closure. The PM localization of 
ROP10 is dependent on ERA1, leading to the suggestion that the ROP10 may 
be an ERA1 target. ct-Carboxyl methyltransferase, an enzyme that methylates 
the C-terminus of farnesylated proteins, may be important in ABA responses. 
Inhibitors of a-carboxyl methyltransferase cause increased ABA sensitivity 
and stomatal closure, suggesting that a-carboxyl methylation of prenylation 
proteins may be necessary for negative regulation of ABA signal transduc- 
tion in Arabidopsis (Chary et ah, 2002; Zheng et ah, 2002). Therefore, stress- 
stimulated inhibition of farnesylation provides an approach for engineering 
drought avoidance in crop plants. Brassica napus transgenic plants express- 
ing the antisense construct for the a- or (3-subunit of farnesyl transferase 
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under the drought-inducible promoter rd29A showed enhancement of ABA 
response and drought tolerance. The results showed the reduction of stom- 
atal conductance under stress conditions and enhanced yields (Wang et al., 
2005). 

Genomic approaches have led to a more systematic understanding of ABA 
signaling in guard cells (Leonhardt et al., 2004). Microarray analysis of the 
Arabidopsis guard cell transcriptome identified 1309 genes that are signifi- 
cantly expressed in guard cells (Leonhardt et al., 2004). In comparison to 
that of mesophyll cells, only 64 transcripts were detectable solely in guard 
cells. These genes encode transcription factors, signal transduction proteins 
such as protein kinases, receptor protein kinases, and metabolic pathway 
proteins. Many known guard cell ABA signaling components are modu- 
lated at the transcription level. Further analysis reveals that 69 ABA-inducible 
genes and 64 ABA-repressed genes are preferentially present in guard cells. 
The ABA-upregulated genes can be classified, with respect to their putative 
functions, into two major classes: (1) genes implicated in cell protection and 
in production of important metabolic proteins, and (2) genes implicated in 
signal transduction, such as protein kinases, protein phosphatases, recep- 
tor kinases, transcription factors, 14-3-3 proteins, reactive oxygen turnover 
enzymes (NADPH oxidases, catalase, and glutathione S-transferase), and 
protein ubiquitination components. Among the ABA-downregulated genes, 
except for the photosynthesis-related genes, several genes that function in 
signal transduction and osmoregulation, such as protein kinases and the K + 
channels KAT1, KAT2, and AKT2, are also repressed by ABA. The functional 
characterization of these regulatory proteins will clearly contribute to more 
comprehensive understanding of the ABA signaling network in plants (Leon- 
hardt et al., 2004). For example, the analysis of Arabidopsis mutants for ABA- 
induced PP2C genes in guard cells has been carried out. Recessive mutation 
of AtP2C-HA (homolog to ABI1/ABI2) induces ABA-hypersensitive stom- 
atal closing and seed germination (Saez et al, 2006). AtPP2CA, a different 
ABA-regulated PP2CA gene, was also identified from forward genetic screen- 
ing. PP2CA mutation causes ABA hypersensitivity during seed germination 
(Kuhn et al, 2006; Yoshida et al, 2006a). ABI1 and ABI2 display differential 
binding to different members of the SALT OVERLY SENSITIVE 2 (SOS2)-like 
protein kinase in Arabidopsis (Ohta et al., 2003). Therefore, combined genomic 
and genetic analyses of genes expressed in Arabidopsis guard cells provide a 
robust tool for identifying new signaling mechanisms and for a systems-level 
understanding of signaling networks in guard cells. 



13.3 C0 2 signaling in guard cells 

As pores for CO2 exchange between the intracellular spaces and the atmo- 
sphere, stomata can adjust their aperture by sensing the ambient C0 2 concen- 
trations. When the CO2 concentration is high, the stomata close, whereas low 
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CO2 concentrations induce their opening (Assmann, 1999; Hashimoto et ah, 
2006; Israelsson et al, 2006) (Fig. 13.1). Increased CO2 concentrations activate 
outward rectifying K + channels and induce Cl^efflux via the anion channels 
and enhance malate production. Malate has been shown to play a role in 
regulating R-type anion channels. Stomatal opening is mediated by ion and 
organic solute concentrations (Hanstein and Felle, 2002). High CO2 causes 
guard cell depolarization, which in turn diminishes the [Ca 2+ ] cyt transient 
rate. However, evidence suggests that elevated CO2 concentrations trigger 
rises in [Ca 2+ ] cyt (Webb et al., 1996). Recent studies show that Ca 2+ regulation 
in stomatal movement may be more complicated. The Arabidopsis goal mutant 
(growth controlled by abscisic acid) exhibits ABA insensitivity. Interestingly, it 
shows no marked change in the average [Ca 2+ ] cyt transient rate when the am- 
bient CO2 concentration changes. As a result, high CGvinduced stomatal clo- 
sure is not observed in this mutant suggesting that gca2 is insensitive to high 
CO2 (Young et al, 2006). A model has been proposed in which CO2 concentra- 
tions prime Ca 2+ sensors that could mediate the specificity of Ca 2+ signaling 
(Young et al, 2006). These observations also imply a crosstalk between ABA 
and CO2 signaling pathways (Assmann, 1999; Vavasseur and Raghavendra, 

2005) at the level of GC A2 and both these signals regulate many ion-transport 
mechanisms (Assmann, 1999; Vavasseur and Raghavendra, 2005; Young et al., 

2006) (Fig. 13.1). 

Two allelic Arabidopsis mutants, htl-1 and htl-2, have been obtained from 
the genetic screen for mutants with leaf temperature changes (Hashimoto 
et al, 2006). They both exhibit higher leaf temperature at low CO2 concen- 
trations. The htl-1 mutant has a reduction of stomatal aperture at low CO2 
concentrations, reflecting a CGvhypersensitive response, but the strong al- 
lele htl-2 shows severe impairments in stomatal movements with constitutive 
high CO2 response. In response to ABA, blue light and fusicoccin (FC), how- 
ever, htl-2 appears to be normal, indicating that HT1 (HIGH LEAF TEMPER- 
ATURE 1), which encodes a protein kinase that is expressed in guard cells, 
does not have a general function in the regulation of all stomatal responses. 
These data suggest that the HT1 kinase is a negative regulator of CO2 signal 
transduction (Fig. 13.1). Furthermore, htl mutants appear to exhibit normal 
responses to ABA, blue light, and fungal phytotoxin FC. These findings indi- 
cate that the HT1 kinase is important for regulation of stomatal movements 
and its function is more pronounced in response to CO2 than other signals 
such as ABA and light (Hashimoto et al, 2006). 

Evidence suggests a crosstalk between photosynthesis and stomata re- 
sponse to CO2 (Roelfsema et al, 2002; Messinger et al, 2006). Stomatal opening 
in response to red light has been suggested to link to a decrease in intercellu- 
lar CO2 concentrations (Olsen et al, 2002; Roelfsema et al, 2002). The action 
spectra for mesophyll photosynthesis and for the stomatal response to red 
light are similar (Olsen et al, 2002). In addition, stomatal opening is normal 
in response to red light, while the CO2 concentration is held by adjusting 
ambient CO2 concentration, suggesting that a CO2 concentration decrease 
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is independent pathway of red light-induced stomatal opening (Olsen et al, 
2002; Messinger et al, 2006). 

13.4 Light signaling in guard cells 

Stomatal opening can be stimulated by both red and blue light (Zeiger and 
Zhu, 1998; Assmann and Shimazaki, 1999; Kinoshita and Shimazaki, 1999; 
Kinoshita et al, 2001; Roelfsema et al., 2001; Taylor and Assmann, 2001; Olsen 
et al., 2002). In most species, guard cells are the only epidermal cells that con- 
tain chloroplasts, and chlorophylls in guard cells were implicated as a pho- 
toreceptor in the light responses of stomata. Guard cell chlorophyll absorbs 
red and blue wavelengths of light, and guard cell sensitivity to red and blue 
light is consistent with a role for the opening of stomata for photosynthesis 
(Assmann and Shimazaki, 1999). It was suggested that guard cells might pos- 
sess a specific blue light photoreceptor, which agrees with the generation of 
greater quantum efficiency of blue light over red light in stimulating stomatal 
opening (Zeiger and Zhu, 1998; Assmann and Shimazaki, 1999). The stomatal 
response to blue light may be particularly important under the blue-enriched 
illumination that triumphs in the early morning light and in sunspecks. As 
discussed in this section, fundamental questions concern the cellular signals 
bridging light perception to downstream regulators in guard cells. 

The blue light receptors, PHOTOTROPINS 1 and 2 (PHOT1 and PHOT2) 
(Kinoshita et al., 2001), are responsible for blue light induction of stomatal 
opening (Kinoshita et al., 2001; Briggs and Christie, 2002). Although the blue 
light-induced stomatal opening is only slightly affected in either photl and 
phot2 single mutants, the photlphot2 double mutants are completely defec- 
tive in blue light induction of stomatal opening, indicating that PHOT1 and 
PHOT2 are functionally redundant in guard cells (Kinoshita et al., 2001). 

Phototropins are PM-localized light-dependant protein kinases containing 
two LOV (light, oxygen, or voltage) domains and a Ser/Thr kinase domain. 
The LOV domains bind chromophore FMN (FLAVIN MONONUCLEOTIDE) 
and produce a flavin-C cysteinyl adduct after blue light illumination, result- 
ing in the C-terminus kinase activation. Subsequently, 14-3-3 proteins bind 
to the phototropins and initiate signaling. The 14-3-3 protein binding to pho- 
totropins is mediated by phosphorylation in guard cells of broad bean, and 
the Vfphot-14-3-3 complex is able to interact with other components in V.faba 
(Kinoshita and Shimazaki, 1999; Emi et al, 2001; Kinoshita et al, 2003; Emi 
et al, 2005). 

Light mediates stomatal movement through its regulation of the PM H + - 
ATPase activity (Kinoshita and Shimazaki, 1999; Emi et al, 2001; Zhang et al, 
2004), which is also subject to the regulation by other pathways, such as ABA- 
induced H 2 0 2 activity (Zhang et al, 2004), K+ influx (Roelfsema et al, 2001; 
Taylor and Assmann, 2001), Ca 2+ elevation (Kinoshita et al, 1995; Assmann 
and Shimazaki, 1999; Schroeder et al, 2001a), binding of 14-3-3 (Kinoshita 



376 Intracellular Signaling in Plants 



et al., 2003), and protein phosphorylation activities (Kinoshita and Shimazaki, 
1999; Takemiya et al., 2006). The blue light-activated signal is transmitted to the 
PM H + -ATPase, resulting in phosphorylation of the H + -ATPase C-terminus 
(Kinoshita and Shimazaki, 1999). The 14-3-3 protein binds to the PM H+- 
ATPase when it is activated by blue light and FC (Kinoshita et al., 2003); in 
turn, the activated H + -ATPase elevates the negative electrical potential gradi- 
ent inside of the PM. The hyperpolarized PM drives a K^ channel. As a result, 
the accumulation of potassium salt and increase in turgor pressure in guard 
cells lead to stomatal opening (Kinoshita and Shimazaki, 1999). PP1 (PRO- 
TEIN PHOSPHATASE 1) has been found to play a role in blue light-induced 
signaling in guard cells (Takemiya et al., 2006). PP1 inhibitor, tautomysin, 
inhibited blue light-induced phosphorylation of H + -ATPase in the PM and 
stomatal opening. In transgenic plants carrying dominant-negative PPlc or 
inhibitor-2 (a protein that specifically binds and inhibits PPlc), guard cells are 
impaired in blue light-induced stomatal opening. These data suggest that PP1 
functions as a positive regulator downstream of phototropins and upstream 
of H + -ATPase in the blue light signaling pathway of guard cells (Takemiya 
et al., 2006). It is unclear how PHOT1 and 2 transmit light signals to PP1 and 
how PP1 regulate H+-ATPase. 

VfPIP, a protein that interacts with Vfphotla, has been isolated from V.faba 
guard cells. VfPIP localized on cortical microtubules (MT), suggesting that 
the function of Vfphotola may be mediated by cortical MT. Stomata treated 
with MT-depolymerizing compounds failed to open in response to blue light, 
further supporting an important role for cortical MT in blue light induction of 
stomatal opening (Emi et ah, 2005). ABA inhibits blue light-induced H + pump- 
ing by reducing the phosphorylation of the PM H + -ATPase and disrupting 
the binding of 14-3-3 protein to H + -ATPase. The inhibitory effect results from 
ABA-induced H2O2 production and exogenous H2O2 inhibits H + -ATPase in 
the same fashion as ABA. However, H2O2 has no effect on H + -ATPase in the 
microsomal fraction, suggesting that H2O2 reduces phosphorylation of H + - 
ATPase via inhibition of signaling components that transmit the blue light 
signal to the PM H+-ATPase (Zhang et al, 2004) (Fig. 13.1). A recent experi- 
ment tested the working model of two independent light signaling pathways 
in the modulation of guard cell movement (Marten et al., 2007). It was shown 
that the inhibitory effect of blue light on the guard cell PM anion channels is 
also involved in phototropin signaling. This pathway is independent of blue 
light stimulation of the PM H+-ATPases (Marten et al, 2007). 

Earlier studies suggest the presence of carotenoid zeaxanthin-mediated 
blue light signaling in guard cells. DTT, a reducing agent that effectively in- 
hibits zeaxanthin formation, can completely inhibit blue light-induced stom- 
atal opening. The Arabidopsis mutant npql (Frechijia et al., 1999), which failed 
to convert violaxanthin into zeaxanthin, exhibits impaired blue light-induced 
stomatal opening. Based on these data, zeaxanthin was hypothesized to be 
a candidate photoreceptor in blue light signaling of guard cells (Frechijia 
et al., 1999; Lasceve et al., 1999), but its direct role as a photoreceptor was put 
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in doubt after the results from the analysis of the photlphot2 double mutant 
(Kinoshita et al, 2001). This led to the hypothesis that zeaxanthin may play a 
modulating role in blue light-induced stomatal opening. 

In response to blue light, the loss of H + from guard cells contributes to a hy- 
perpolarization of the PM, which creates an electrical gradient driving force 
for the uptake of K + and activates K + -sensitive ion channels in the guard cell 
membrane. The H + extrusion by an H + -ATPase is also presumed to be crucial 
for anion uptake (Assmann and Shimazaki, 1999). In addition to K + accu- 
mulation driven by membrane hyperpolarization, blue light also stimulates 
an increase in intracellular concentrations of the organic acid malate as well 
as sucrose accumulation in guard cells under certain conditions (Talbott and 
Zeiger, 1998; Assmann and Shimazaki, 1999). It was observed that K + and 
sucrose act on osmoticum in guard cells at different day times. The increase 
in the osmotic concentration driven by the uptake of K + and accumulation 
of sucrose results in guard cell swelling and stomatal aperture widening. The 
K + concentration in guard cells increases at the beginning of a daily cycle, but 
it decreases in the early afternoon (Talbott and Zeiger, 1998). Then the sucrose 
becomes predominantly active solute after a slow increase in the morning, 
and the stomatal apertures continue increasing until the sucrose content de- 
creases at the end of the day (Ritte et al, 1999; Outlaw and De Vlieghere-He, 
2001). 

13.5 Innate immunity in guard cells 



When pathogens such as Pseudomonas syringae (P. syringae, or other plant and 
human pathogens) attack plant leaves, the stomata close rapidly to prevent 
their entrance into its interior (Melotto et al, 2006). To assure a successful 
invasion, P. syringae cells tend to surround the open stomata specifically and 
evolve specific virulence factors to instigate stomatal reopening, such as coro- 
na tine (COR). The mutant strain of P. syringae that lacks COR fails to initiate 
disease and reopening of the stomata. Although inoculation of £. coli could 
also stimulate stomatal closure, it could not make the stomata reopen (Melotto 
et al, 2006). PAMPs (PATHOGEN- ASSOCIATED MOLECULAR PATTERNs), 
which are specific bacterial components, such as flg22 and LPS, play a role 
in triggering stomatal closure (Melotto et ah, 2006). Experiments have shown 
that plants perceive flg22 through the FLS2 receptor. The flg22 peptide fails to 
induce stomatal closure in ihefls2 mutant. Further study shows that PAMP- 
induced stomatal closure is part of the SA-regulated innate immune system. 
The ability of stomata to close in response to bacteria was compromised in 
SA-deficient mutants (Melotto et al, 2006). Interestingly, ABA is involved in 
PAMP-induced stomatal closure. The Arabidopsis guard cell mutant ostl and 
ABA-deficient mutant aba3-l both show the inability to close stomata in re- 
sponse to bacterial invasion, suggesting that pathogen attack may trigger 
ABA synthesis to promote stomatal closure (Melotto et al, 2006). 
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NO is also found to be required for PAMP-induced stomatal closure. A NO 
synthase inhibitor effectively prevents stomatal closure triggered by flg22 
or LPS. COI1 is a subunit of an E3 ubiquitin ligase and is necessary for the 
phytotoxin COR to inhibit PAMP-induced ABA signaling. P. syringae fails to 
reopen stomata in the COR-insensitive coil mutant. Either PAMP- or ABA- 
induced production of NO is normal after treatment with COR, suggesting 
that COR acts downstream of NO production to counteract stomatal closure 
(Melotto et al, 2006) (Fig. 13.1). 

In the Plasmopara viticola-miected grapevine leaves, stomata do not close 
in response to dehydration and exogenously added ABA. The induction of 
stomatal closure and decrease of transcription was inhibited. In the epidermal 
peels, which were separated from infected leaves, AB A-induced stomatal clo- 
sure was similar to that in healthy leaves. The author hypothesized that the P. 
viticola-induced stomatal abnormality might result from a nonsystemic com- 
pound or a reduction of the backpressure exerted by surrounding epidermal 
cells (Allegre et al, 2007). 

13.6 Extracellular Ca 2+ sensing in guard cells 

Studies have shown that extracellular Ca 2+ , [Ca 2+ ] ex t/ is required for various 
physiological and developmental processes in plants (Sanders et al, 2002; 
Han et al, 2003; Chen et al, 2004). A high proportion of the total Ca 2+ is often 
located in the cell wall and at the exterior surface of the PM (Sanders et al, 
2002; Han et al, 2003). As described in this chapter, multiple factors such as 
ABA, CO2, and light can regulate stomatal movements and cause guard cell 
[Ca 2+ ] cyt changes and subsequently stomatal closure (McAinsh et al, 1990; 
Assmann and Shimazaki, 1999; Schroeder et al, 2001b). A PM-localized ex- 
tracellular Ca 2+ -sensing receptor CAS has been shown to regulate the guard 
cell [Ca 2+ ] cyt . Suppression of CAS expression could disrupt [Ca 2+ ] ex t signal- 
ing in guard cells. Elevated [Ca 2+ ] ext activates CAS, which mediates stomatal 
closure, preventing excessive Ca 2+ unloading (see Chapter 5). Thus, [Ca 2+ ] ext - 
induced stomatal closure could function as a feedback mechanism of Ca 2+ 
supply (Han et al, 2003). Further study on the molecular mechanisms of 
CAS revealed that [Ca 2+ ] ex t-regulated CAS activity in turn directs release of 
Ca 2+ from internal stores via the IP3 pathway in Arabidopsis. The changes 
in [Ca 2+ ] cy t are synchronized to extracellular Ca 2+ concentration oscillations 
through CAS. These results suggest that [Ca 2+ ] cyt oscillations are coupled to 
the [Ca 2+ ] ext oscillations-CAS-IP3 pathway. The phase and period of oscilla- 
tions are likely determined by the stomatal conductance (Tang et al, 2007). 

Externally applied camodulin (ExtCaM), a calcium-binding protein, was 
shown to stimulate a cascade of intracellular signaling events to regulate 
stomatal movement (Chen et al, 2004). The ExtCaM-induced stomatal clo- 
sure is mediated by the activation of heterotrimeric G protein, generation of 
H2O2, and changes in [Ca 2+ ] cy t. This finding implicates that in guard cells, 
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heterotrimeric G protein may transmit the ExtCaM signal, generating H2O2 
to induce [Ca 2+ ] cy t elevation, leading to stomatal closure (Chen et ah, 2004). 
Therefore, ExtCaM could be another extracellular Ca 2+ sensor in the guard 
cell signaling and stomatal movements. 

13.7 Conclusions and prospects 

Tremendous progress has been made in our understanding of signaling mech- 
anisms regulating guard cell movement, which not only has provided us with 
important insights into the mechanisms modulating the adaptive guard cell 
responses to various external and physiological stimuli, but also has enhanced 
our general knowledge of signal transduction in plants. A linear signaling cas- 
cade is clearly not adequate to explain all signaling mechanisms. As a matter of 
fact, the proposed signaling mechanisms discussed in this chapter involve the 
interaction networking of signals such as ABA, CO2, cytoskeleton, light, and 
pathogen attack (Figs. 13.1 and 13.2). Many signaling components, e.g., Ca 2+ 
and Ca 2+ stores, K + -related ion channels, ROS and NO, protein kinases, re- 
ceptors for certain signals, and their signaling pathways, have been revealed. 
It is also clear that any given signal does not merely regulate a linear cascade 
of signaling molecules to achieve the modulation of guard cell movement, 
but rather signaling networks are required. Perhaps such networks facilitate 
the interaction among different signals and their integration to allow dynamic 
regulation of stomatal movement under the complex environmental setting in 
nature. However, how the specificity of different signaling pathways that may 
involve some common components such as Ca 2+ could be achieved and how 
different signals interact with each other and are integrated to control stomatal 
movement remain poorly understood and present major challenges for future 
research. With the combination of molecular genetic, biochemistry, and cell 
biology approaches, and the ability to manipulate guard cell signaling genes 
in Arabidopsis, future research in this area will endow us with new insights 
into the mechanisms underlying dynamic guard cell movement, which may 
ultimately be useful for engineering crop plants with improved gas exchange 
in response to drought, atmospheric CO2 variation, and other environmental 
stresses (Schroeder et ah, 2001b; Hetherington and Woodward, 2003). 
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Abstract: In response to harsh changing environmental conditions, sessile plants 
mobilize complex regulatory networks to modulate physiological changes, allow- 
ing them to tolerate and adapt to these conditions. Both abiotic stresses and diur- 
nal rhythm regulate biosynthesis and metabolism of abscisic acid (ABA), which 
plays a crucial role in integrating various environmental as well as cellular signals. 
ABA is perceived by several receptor systems including flowering time control 
protein A (FCA), ABA receptor (ABAR/CHLH, H subunit of Mg-chelatase), and 
G-protein-coupled receptor 2 (GCR2). These receptors regulate ABA responses in 
seed dormancy, germination, root growth, and stomatal responses. Cold stress 
signaling mechanism consists of both CBF (CRT/DRE-binding factor)-dependent 
and -independent pathways in Arabidopsis. The CBF regulon is conserved across 
many plant species. The MYC-type bHLH transcription factor ICE1 (inducer of CBF 
expression 1) regulates freezing tolerance by activating the transcription of CBFs 
and some other cold-induced regulons. ICE1 is negatively regulated by the HOS1 
(high expression of osmotically responsive gene l)-mediated ubiquitination and 
proteosomal degradation and positively regulated by SIZ1 [SAP (scaffold attach- 
ment factor) and Mz'zl (Msx2-interacting zinc finger)] mediated sumoylation under 
cold stress. Salt stress tolerance is primarily conferred by the SOS (salt overly sensi- 
tive) pathway, in which a calcium-responsive SOS3-SOS2 protein kinase complex 
controls the activity of ion transporters such as SOS1 . The SOS pathway is conserved 
between Arabidopsis and rice. Several transcription factors and their target genes 
induced under various abiotic stresses have been identified. Cross talks in environ- 
mental stress signaling networks appear to occur at various levels ranging from 
second messengers and secondary signals to phosphorelay and transcriptional 
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regulators. Furthermore, RNA metabolism especially small RNA-mediated mRNA 
cleavage translation repression, and chromatin remodeling are emerging hot topics 
in abiotic stress studies. 

Keywords: abiotic stress; Arabidopsis; ABA; salt stress; drought; low temperature 



14.1 Introduction 

Crop production and natural plant distribution are greatly limited by abiotic 
stresses such as drought, salt, and low- or high-temperature stresses, all of 
which can lead to dehydration and oxidative stress in plant cells (Zhu, 2002). 
In addition to their common effects, different stresses exert specific effects 
on plant growth and development. Drought stress constrains photosynthesis 
and nutrient uptake from water-limited soil (Schroeder et ah, 2001; Shinozaki 
et ah, 2003; Shinozaki and Yamaguchi-Shinozaki, 2007). Ion toxicity is the ma- 
jor culprit for inhibiting plants growth in saline soils (Hasegawa et ah, 2000; 
Zhu, 2001; Xiong et ah, 2002). Low temperatures directly affect membrane 
fluidity and the activities of various enzymes and membrane transporters 
(Thomashow, 1999, 2001; Zhu, 2001; Xiong et ah, 2002). Under severe stress 
conditions, the growth of plants can be retarded, or completely stopped. In 
the natural environment, plants usually experience multiple stresses at the 
same time. In response to each of these different stresses, plants have adopted 
complex mechanisms to achieve stress tolerance. Different plant genotypes 
or the same plants at different developmental stages may utilize different re- 
sponse mechanisms. The input of different stress signals might lead to both 
common and specific outputs through a complex network signal transduc- 
tion pathways. In this chapter, we summarize various abiotic stress signaling 
pathways and their cross talks. 



14.2 Abscisic acid 



Abscisic acid (ABA), a plant hormone identified in 1960s, plays critical roles 
in plant growth and development including seed maturation, seed dormancy, 
germination, vegetative growth, flowering, and plant adaptation to environ- 
mental stresses (Milborrow, 2001; Xiong and Zhu, 2003; Nambara and Marion- 
Poll, 2005). Due to its diverse functions, ABA biosynthesis, catabolism, 
perception, and signal transduction have been extensively studied. Under 
normal conditions, ABA contents are kept at low levels, and the low levels 
of ABA are important for maintaining cell vigor. ABA-deficient mutants are 
usually smaller with poor growth. Osmotic stress caused by drought and 
salt stress rapidly activates the production of ABA, which triggers stomatal 
closure and reduce transpiration. ABA also regulates the expression of many 
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stress-inducible genes such as late-embryogenesis-abundant- (LEA-) like pro- 
teins that are critical for cell survival under dehydration stress. 

14.2.1 ABA biosynthesis and metabolism 

Cellular ABA is primarily synthesized by a de novo pathway which involves 
different enzymes encoded by genes whose expression can be induced un- 
der different stress conditions, mainly drought, salt, and, to some extent, low 
temperatures (Xiong and Zhu, 2003). When the environmental conditions be- 
come favorable, excess ABA is inactivated by hydroxylation or conjugation to 
glucose (Lee et al, 2006b). Through various genetic screening methods, ABA- 
deficient mutants were isolated from different plant species such as Nicotiana 
plumbaginifolia (Marin et al, 1996), Zea mays (Schwartz et al., 1997; Tan et al, 
1997), Lycopersicon esculentum (Sagi et al, 2002; Thompson et al, 2000a,b), and 
Arabidopsis (Leon-Kloosterziel et al, 1996). ABA-deficient mutants usually 
show precocious germination and severe wilty phenotypes. The first ABA 
biosynthesis gene ABA2 was isolated from N. plumbaginifolia by transposon 
tagging using the maize activator transposon (Marin et al, 1996). ABA2 gene 
encodes a zeaxanthin epoxidase (ZEP) which catalyzes the epoxidation of 
zeaxanthin and antheraxanthinto violaxanthin, the first step in ABA biosyn- 
thesis in plastids (Marin et al, 1996). The Arabidopsis orthologous mutant abal 
was restored to wild-type phenotype by transforming the ABA2 cDNA under 
the control of the CaMV 35S promoter (Marin et al, 1996). 

The second gene VP14 encoding a 9-cz's-epoxycarotenoid dioxygenase 
(NCED) was isolated from the maize vpl4 mutant by transposon tagging 
(Tan et al, 1997). NCED catalyzes the oxidative cleavage of the major epoxy- 
carotenoid 9-czs-neoxanthin to yield xanthoxin, the first committed step of 
ABA biosynthesis in plastids (Tan et al, 1997). Xanthoxin is exported from 
plastids to the cytosol where it is converted to ABA aldehyde by a short- 
chain alcohol dehydrogenase/reductase (SDR) encoded by the AtABA2/GINl 
(GLUCOSE INSENSITIVE1) gene in Arabidopsis (Rook et al, 2001; Cheng 
et al, 2002; Gonzalez-Guzman et al, 2002). LOS5/ABA3 encodes a molybde- 
num cofactor (MoCo) sulfurase which catalyzes the synthesis of sulfurylated 
form of MoCo, the cofactor of ABA aldehyde oxidase (AA03). AA03 cat- 
alyzes the conversion of ABA aldehyde to ABA (Seo et al, 2000; Bittner et al, 
2001; Xiong et al, 2001b). The expression of both ZEP and NCED in tomato 
shows a diurnal rhythm in leaves (Thompson et al, 2000a). Earlier studies 
suggest that SDR1 expression is uniquely upregulated by sugar (Cheng et al, 
2002), while the expression of all the other ABA biosynthetic genes is induced 
by drought and salt stress (Xiong et al, 2001b). However, more recent analysis 
of the ABA2 promoter-driven expression of the GUS reporter in transgenic 
Arabidopsis revealed that ABA2 expression is enhanced by prolonged periods 
of drought, salt, cold, and flooding, although it is not regulated by short-term 
stresses (Lin et al, 2006). Besides the upregulation by drought and salt stress, 
the expression of most ABA biosynthetic genes are also transcriptionally 
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induced by ABA, suggesting self-regualtion in ABA accumulation under abi- 
otic stress conditions (Xiong and Zhu, 2003). 

When stresses are relieved, the transcripts of ABA biosynthetic genes are 
reduced to basic levels, and ABA is either conjugated to inactive form by 
glycosylation or hydroxylated by ABA 8'-hydroxylases encoded by the cy- 
tochrome P450 CYP707A gene subfamily (Kushiro et al, 2004; Saito et al, 
2004). CYP707A3 is highly induced by both dehydration and rehydration 
of Arabidopsis seedlings (Umezawa et al, 2006), and hence may play a cru- 
cial role in controlling the threshold level of ABA in cells during dehydra- 
tion and rehydration. CYP707A1 and CYP707A2 are likely important in seed 
development and postgermination growth at different stages (Millar et ah, 
2006; Okamoto et al, 2006). ABA glycosylation is catalyzed by the ABA- 
glucosyltransferase, which is induced by ABA and water-deficit stress (Xu 
et al, 2002). Glycosylated ABA constitutes an inactive pool of ABA stored 
in vaculoes or the apoplastic space (Dietz et al, 2000). In Arabidopsis, AtBGl 
encoding a [3-glucosidase homolog localized to the ER is responsible for hy- 
drolyzing glucose-conjugated ABA (Lee et al., 2006b) to produce active ABA. 
AtBGl is induced by various abiotic stresses and exogenous ABA. Dehydra- 
tion induces rapid polymerization of AtBGl, which increases AtBGl enzyme 
activity by f ourf olds, leading to rapid accumulation of active ABA. AtBGl also 
functions in day /night cycles to regulate ABA fluctuation for plants to finely 
adjust to the physiological and environmental changes (Lee et al., 2006b). 

14.2.2 ABA receptors 

The first step for ABA responses is the recognition of ABA by receptor (s). 
Physiological studies using impermeable ABA derivatives or microinjection 
of ABA into cells suggested that ABA receptors exist in both intracellu- 
lar and extracellular locations (Leung and Giraudat, 1998; Finkelstein et al., 
2002). Forward genetics thus far has failed to identify ABA receptors. How- 
ever, recently, three groups have succeeded in isolating three different ABA- 
binding proteins using biochemical approaches and have shown that these 
proteins act as ABA receptors (Razem et al., 2004; Shen et al., 2006; Liu et al., 
2007). 

By using ABA-mimicking anti-idiotypic antibodies, Razem et al. (2004) pu- 
rified an ABA-binding protein (ABAP) from the barley aleurone. Based on 
its sequence, an Arabidopsis ABAP homolog FC A (flowering time control pro- 
tein A) was identified (Razem et al., 2006). FCA was initially identified for 
its role in promoting flowering in Arabidopsis and is a nuclear protein with 
two conserved RNA-binding motifs (Macknight et al., 1997). FCA interacts 
with FY (flowering locus Y) to form a complex that inhibits the transcript 
accumulation of the flowering suppressor FLC (flowering locus C) (Simpson 
et al., 2003). As a receptor, FCA stereospecifically binds (+)-ABA with high 
affinity, and this binding inhibits the formation of FCA-FY complex, leading 
to the accumulation of FLC transcripts and delaying of flowering (Razem 



392 Intracellular Signaling in Plants 



et al., 2006). The ABA-binding region is localized in the C-terminal side of 
FCA, although the specific binding residues are not identified yet. FCA le- 
sions also affect ABA inhibition of lateral root formation, but are not required 
for ABA inhibition of seed germination or stomatal regulation by ABA (Razem 
et al., 2006). The results further suggest that other ABA receptor(s) must exist 
(Finkelstein, 2006). 

Zhang et al. (2002) purified a 42-kDa protein, ABAR (ABA receptor), from 
broad bean leaves by using ABA-linked AEH-Sepharose 4B as an affinity resin 
(Zhang et al., 2002). A partial sequence of ABAR shows high homology with 
the H subunit of Mg-chelatase (CHLH) (Shen et al, 2006). The 42-kDa protein 
purified from broad bean leaves is complementary only to the C-terminal 
part of CHLH, suggesting that CHLH is unstable, and the C-terimnal region 
contains the ABA-binding residues. CHLH is encoded by GUN5 (genomes un- 
coupled 5), which was initially found to play vital roles in plastid-to-nucleus 
retrograde signaling (Mochizuki et ah, 2001). ABAR/CHLH expressed in yeast 
shows high specific binding affinity only for the active form, (+)-ABA, but not 
for two inactive ABA isomers, (— )-ABA and frans-ABA. ABAR has an equilib- 
rium dissociation constant (K^) of 32 nM, which precisely matches the ABA 
level in living cells (Shen et ah, 2006). Downregulation of CHLH by RNAi 
or antisense suppression reduced the sensitivity of transgenic plants to ABA 
inhibition of seed germination, seedling growth, and to ABA promotion of 
stomatal closure. In contrast, transgenic plants with overexpression of CHLH 
showed ABA-hypersensitive phenotypes, and were more tolerant to drought 
stress. CHLH appears to be an essential gene since a homozygous T-DNA 
insertion mutation in CHLH is lethal. ABAR positively regulates the tran- 
scripts of ABA responsive genes such as RD29A, MYB2, MYC2, ABU, ABI5, 
and OST1 or seed-specific genes like ABI3 and ABI5, and negatively controls 
the expression of ABI1,ABI2, and CIPK15. However, unlike FCA, ABAR is not 
involved in the regulation of flowering. It is interesting that gun2-5 mutant 
plants did not show any ABA-related phenotypes, whereas the cch mutant, 
another allele of gun5, had ABA-insensitive phenotypes. The cch but not the 
gun5 mutation impaired the ABA-binding capacity of CHLH. The mutated 
residue in cch might be involved in ABA binding. The results suggest that 
ABAR-mediated ABA signaling is distinct from chlorophyll metabolism or 
plastid signalling mediated by GUN5 (Shen et al, 2006). ABI2 interacts with a 
prefibrillin protein, which is a plastid-associated lipid-binding protein prob- 
ably functioning in protection of PSII from photoinhibition (Yang et al., 2006). 
The expression of fibrillin is regulated at transcriptional and posttranscrip- 
tional levels by ABI1 and ABI2, respectively (Yang et al., 2006). Because the 
ABA receptor ABAR is also localized in plastids, it would be interesting to 
dissect the network of ABA signaling mediated by ABI2, ABAR, fibrillin, and 
other proteins in plastids. 

Analysis of T-DNA mutation in the Arabidopsis GPA1 gene, which encodes 
the a-subunit of heterotrimeric GTP-binding (G) protein, revealed a role for 
GPA1 in guard cell ABA signaling, gpal mutants show ABA insensitivity in 
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ABA inhibition of stomatal opening, and thus rate of water loss from gpal mu- 
tants is greater than that from wild-type plants (Wang et ah, 2001). Recently, 
a G-protein-coupled receptor, GCR2, was identified as a plasma membrane 
ABA receptor that regulates ABA signaling through GPA1 in Arabidopsis (Liu 
et ah, 2007). Transmembrane structure prediction and GCR2-YFP localiza- 
tion showed that GCR2 is an integral membrane protein with seven trans- 
membrane helices. Surface plasmon resonance spectroscopy, split-ubiquitin 
system, bimolecular fluorescence complementation, and coimmunoprecipita- 
tion studies showed that carboxy terminal (C290-401) of GCR2 interact with 
heteromeric G-protein a (GPA1). Arabidopsis seeds of gcrl mutants exhib- 
ited ABA insensitivity, while seeds of transgenic Arabidopsis overexpressing 
GCR1 showed hypersensitivity to ABA during germination as compared to 
the wild-type plants. ABA-induced expression of ABA responsive genes such 
as RD29A, KIN1, and ABI5 was also significantly reduced in gcrl mutant. Both 
ABA-induced stomata closing and ABA-inhibited stomata opening were in- 
sensitive in gcrl, while GCR1 overexpressing plants exhibited hypersensitive 
stomatal closure response as compared to wild-type plants. Thus, gcrl muta- 
tions result in ABA insensitivity, while GCR2 overexpression results in ABA 
hypersensitivity. Furthermore, GCR2 binds ABA with high affinity at phys- 
iological concentrations (equilibrium dissociation constant, K^, is 20.1 nM) 
with expected kinetics and stereospecificity. It is expected that ligand bind- 
ing to GCR2 should induce dissociation of G protein from GCR2-G protein 
complex to activate signal transduction. In this study it was shown that the 
binding of physiologically active form of ABA to the GCR2 leads to the disso- 
ciation of the GCR2-GPA1 complex in yeast. These results demonstrate that 
GCR2 is a plasma membrane ABA receptor (Liu et al., 2007). GPA1 has been 
shown to be a positive regulator of auxin-mediated cell division (Ullah et ah, 
2001) and brassinosteroids-mediated germination (Ullah et ah, 2002). Thus, 
GPA1 is involved in the cross talk between plant hormones ABA, auxin, and 
brassinosteroids. Identification of downstream components of these ABA re- 
ceptors will further enhance our knowledge on ABA signaling cross talk and 
specificity. 



14.2.3 ABA signaling and stress responsive gene expression 

The molecular mechanisms of ABA signaling have been studied exten- 
sively (Giraudat, 1995; Grill and Himmelbach, 1998; Fedoroff, 2002; Finkel- 
stein et ah, 2002; Zhu, 2002) (see Chapter 13). An early genetic screen con- 
ducted in Arabidopsis using ABA-resistant germination identified several 
ABA-insensitive mutants including abil, abil, abi3, abii, abi5, and abi8 (Finkel- 
stein and Somerville, 1990; Giraudat et al, 1992; Leung et al, 1994, 1997; Meyer 
et ah, 1994; Finkelstein et al, 1998; Rodriguez et al, 1998; Finkelstein and Lynch, 
2000; Brocard-Gifford et al, 2004). Among them, ABII and ABI2 are homol- 
ogous members of the protein phosphatase 2C family, and function as key 
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negative regulators in ABA signaling (Leung et al., 1994, 1997; Meyer et al., 
1994; Gosti et al, 1999; Merlot et al, 2001). 

Phospholipid metabolism plays a pivotal role in ABA signaling. 
Phosphatidylinositol 4,5-bisphosphate (PIP2), diacylglycerol, and inositol 
1,4,5-trisphosphate (IP3), the products of phospholipids, are three important 
signal molecules (see Chapter 8). PIP2 is hydro lyzed by phosphoinositide- 
specific phospholipase C (PI-PLC) to produce IP3 and diacylglycerol (Xiong 
et al, 2002). Phosphatidylinositol-4-phosphate 5-kinase (PIP5K) phosphory- 
lates phosphatidylinositol 4-phosphate to produce PIP2. The expression of 
PIP5K genes was induced by drought, salt, and ABA treatments, supporting 
an important role for PIP5K in water stress signal transduction (Mikami et al., 
1998). Drought stress increased the expression of some PI-PLC genes in potato 
(Kopka et al., 1998) and mung bean (Kim et al., 2004). The increase in PI-PLC 
could in turn enhance the cleavage of PIP2 to generate more IP3 and diacyl- 
glycerol. PIP2 signaling is terminated through the action of inositol polyphos- 
phate phosphatases and phosphoinositide phosphatases. Mutation in a plant 
unique SAC domain phosphoinositide phosphatase gene SAC9 caused Ara- 
bidopsis to accumulate high levels of both PIP2 and IP3. The sac9 mutants 
constitutively express higher levels of stress-inducible genes and accumulate 
more reactive-oxygen species than wild-type plants, and show closed stomata 
even under nonstress conditions (Williams et al., 2005). Transient increases in 
PIP2 and IP3 were observed in plant cells during ABA and other abiotic stress 
treatments (DeWald et al., 2001; Xiong et al, 2002). It has been shown in many 
cell types that IP3 is an important signal for triggering Ca 2+ release from inter- 
nal stores. IP3-mediated signaling is terminated in Arabidopsis by the inositol 
5-phosphatase At5PTasel, which hydrolyzes IP3 (Burnette et al, 2003). Trans- 
genic plants overexpressing At5PTasel were insensitive to ABA and exhibited 
a decrease in ABA-induced gene expression (Sanchez and Chua, 2001). In Ara- 
bidopsis, the FIERY1 gene encodes an inositol polyphosphate-l-phosphatase, 
which functions in the metabolism of IP3 (Xiong et al., 2001c). fiery 1 mutant 
plants accumulated more IP3 under ABA treatment, and showed a hypersen- 
sitive response to ABA in both seed germination and ABA-induced expression 
of stress responsive genes (Xiong et al., 2001c). Thus, ABA signaling to induce 
abiotic stress responsive genes is mediated by IP3. 

Phosphatidic acid, a hydrolytic product of phospholipids produced by 
phospholipase D alphal, is another important lipid signal in ABA signaling. 
Phospholipase D alphal and phosphatidic acid interact with the a-subunit of 
heterotrimeric G protein (Got) to positively mediate ABA inhibition of stom- 
atal opening (Zhao and Wang, 2004; Mishra et al., 2006) (see Chapters 2 and 
8). Get appears to also interact with Arabidopsis GCR1 (G-protein-coupled re- 
ceptor 1) in ABA signaling. In contrast to gpal and gcr2 mutants, gcrl mutants 
exhibit ABA hypersensitivity in inhibition of root growth, gene expression, 
and stomatal response, and show more drought tolerance than wild-type 
plants. Thus, GCR1 may act as a negative regulator of GPAl-mediated ABA 
signaling (Pandey and Assmann, 2004). 
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Two small guanosine triphosphatases (GTPases), ROP6/AtRacl and 
ROP10, members of the Arabidopsis Rho GTPase family, are important media- 
tors of ABA signaling (Lemichez et ah, 2001; Zheng et ah, 2002) (see Chapters 
3 and 13). ABA induces stomatal closure through inactivating ROP6/ AtRacl, 
leading to the disruption of the guard cell actin cytoskeleton (Lemichez et ah, 
2001). ROP10, a plasmalemma Rho GTPase, has also been shown to be a neg- 
ative regulator in ABA inhibition of seed germination, root elongation, and 
ABA promotion of stomatal closure (Zheng et ah, 2002). ROP2 has also been 
implicated in the negative regulation of ABA promotion of seed dormancy 
and of ABA inhibition of seed germination (Li et ah, 2001). It is unknown 
whether these GTPases act downstream of any of the three known ABA re- 
ceptors described above. These GTPases are localized to the plasma mem- 
brane. The plasma membrane-localized leucine-rich repeat receptor kinase 1 
(AtRPKl) is also involved in ABA signaling Arabidopsis plants (Osakabe et ah, 
2005). It would be interesting to see whether AtRPKl is linked to the ROP 
small GTPases in ABA signaling. 

14.3 The molecular mechanisms of salt tolerance 

High salt stress leads to Na + toxicity as well as hyperosmotic and oxida- 
tive stresses, inhibiting the growth and development of plants. Under high 
saline conditions, plant cells can reestablish ion homeostasis by extruding 
toxic sodium out of cells or compartmentalizing sodium into vacuoles. Ge- 
netic studies using a root-bending assay in Arabidopsis have identified three 
important salt overly sensitive (SOS) genes, named SOS1, SOS2, and SOS3, 
which constitute the main salt tolerance pathway in plants (Chinnusamy and 
Zhu, 2003, 2006b) (Fig. 14.1). SOS1 is a Na+/H+ antiporter with 10-12 trans- 
membrane domains and an unusually long cytoplasmic C-terminal tail (Shi 
et ah, 2000). SOS1 might also function as a sodium sensor (Chinnusamy and 
Zhu, 2003). SOS2 is a serine /threonine protein kinase with a unique regula- 
tory domain in the C-terminal part and a catalytic domain in the N-terminal 
region (Liu et ah, 2000). SOS3 is a myristoylated calcium-binding protein that 
is recruited to the plasma membrane. Salt shock transiently increases cy- 
tosolic Ca 2+ , which can be sensed by SOS3 (Liu and Zhu, 1998; Ishitani et 
ah, 2000). SOS3 then interacts with and activates SOS2 (Halfter et ah, 2000). 
The activated SOS3-SOS2 complex phosphorylates and activates SOS1 to ef- 
ficiently transport cytosolic sodium out of the cell (Zhu, 2003). Mutations in 
any of the SOS genes render plants hypersensitive to salt stress. Salt stress 
leads to ABA accumulation and part of the ABA signal might be transduced 
through SOS2. In yeast two-hybrid assays, SOS2 physically interacts with 
ABI2 and the interaction is abolished by the abil-l mutation. The abil-l mu- 
tant seedlings show more salt tolerance, but are ABA-insensitive (Ohta et ah, 
2003). These results connect the SOS pathway with ABA signal transduction 
through ABI2 (Ohta et ah, 2003). Salt stress also causes oxidative stress. It was 
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Figure 14.1 Regulation of ion homeostasis under salt stress by SOS pathway. The SOS3 
calcium sensor perceives the salt-stress-induced Ca 2+ signals and then activates SOS2 
kinase. Activated SOS2 kinase activates SOS1, a plasma membrane Na + /H + antiporter, by 
phosphorylation. Activated SOS1 then pumps Na + out of cytosol. SOS2 kinase also 
activates tonoplast Na + /H + antiporter that sequesters Na + into the vacuole. Na + entry 
into cytosol through Na + transporter HKT1 activity may also be restricted by SOS2. 
Activation of NHX1 and VCX1 by SOS2 are SOS3-independent and probably regulated 
through SOS3-like Ca 2+ binding proteins (SCaBPs). ABI2 interact with SOS2 and 
negatively regulate ion homeostasis by inhibiting either the SOS2 kinase activity or the 
activities of SOS2 targets. 



found that the predicted cytoplasmic tail of SOS1 physically interacts with 
RCD1 (radical-induced cell death 1), a transcriptional regulator of oxidative 
stress responses in Arabidopsis (Ahlfors et ah, 2004; Katiyar-Agarwal et ah, 
2006). Under unstressed conditions, RCD1 is localized in the nucleus. Under 
high salt or oxidative stress, the localization of RCD1 is found both in the 
nucleus and in the cytoplasm. Both sosl and rcdl mutants are sensitive to salt 
and apoplastic oxidative stresses (Katiyar-Agarwal et ah, 2006). These results 
are of great interest because it provides direct evidence to connect the SOS ion 
homeostasis pathway with ABA and oxidative stress signaling in plant salt 
tolerance. The SOS pathway has been characterized in detail in the dicot Ara- 
bidopsis. A recent study in rice indicated that the SOS salt tolerance pathway is 
highly conserved in monocots (Martinez-Atienza et ah, 2007). Overexpression 
of SOS1 or activated SOS2 improves the salt tolerance of transgenic plants (Shi 
et ah, 2003; Guo et ah, 2004). 
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Salt stress causes Na + -K + disequilibrium due to the inhibitory effect of 
Na + on K + acquisition and nutrition. The sosl, sos2, and sos3 mutants all are 
deficient in K + under salt stress. A genetic screen for suppressors of sos3 mu- 
tation identified the AtHKTl gene, which encodes a Na + transporter (Izhaki 
et ah, 2001) (Fig. 14.1). In fact, mutations in AtHKTl suppress not only sos3, 
but also sosl and sos2. The expression of AtHKTl is restricted to phloem tis- 
sues; and athktl mutations block Na + recirculation through the phloem from 
shoots to roots and cause overaccumulation of Na + in the leaves (Izhaki et ah, 
2001; Berthomieu et ah, 2003; Bethke et ah, 2004). In the two coastal Arabidopsis 
accessions Ts-1 and Tsu-1, a deletion in the upstream of AtHKTl gene was 
found to be responsible for the low expression of AtHKTl in roots, resulting 
in higher accumulation of Na + in the shoots (Rus et al, 2006). However, in 
contrast to null athktl mutants, which are sensitive to salt stress, it seems that 
this novel version of AtKHTl is genetically correlated with high salt tolerance 
(Rus et ah, 2006). In rice, a quantitative trait locus SKC1 encoding a sodium 
transporter OsHKT8 has been isolated from a salt-tolerant variety (Ren et ah, 

2005) . The expression of SKC1 is observed mainly in parenchyma cells sur- 
rounding the xylem vessels, and voltage clamp analysis showed a selective 
Na + transport activity for SKC1. SKC1 in the salt-tolerant rice variety is im- 
portant for K + homeostasis. These results suggest that HKT1 regulates Na + 
homeostasis, which in turn affects K + acquisition. 

Potassium uptake in low-potassium soils is mainly mediated by the K + 
channel AKT1 in Arabidopsis. In a genetic screen for low-K + -sensitive mu- 
tants (Iks), Wu and colleagues (Xu et ah, 2006) isolated the Iksl mutant that 
showed chlorotic leaves when grown on low-potassium medium. LKS1 en- 
codes a CBL-interacting protein kinase 23 (CIPK23, a SOS2 homolog), which 
was shown to physically interact with CBL1 and CBL9 (calcineurin B-like pro- 
teins, SOS3 homologs) that are localized in the plasma membrane (Xu et ah, 

2006) . cbllcbl9 double but not single mutants showed a chlorotic phenotype 
similar to Iksl under low-potassium conditions, suggesting that CBL1 and 
CBL9 function redundantly in the low-potassium response pathway. Trans- 
genic plants overexpressing these genes show improved K + acquisition. Ge- 
netic and voltage patch-clamp analyses indicated that the CBL1 /9-CIPK23 
complex regulates AKT1 activity for K + uptake through phosphorylation of 
AKT1 (Xu etah, 2006). 

Sodium sequestration into the vacuole is a very important strategy both 
for osmotic adjustment and for reducing sodium concentration in the cy- 
tosol of plant cells. Na + /H + antiporters as well as V-type ATPasess and H + - 
pyrophosphatases (H + -PPase) play critical roles in Na + sequestration into 
the vacuole. Energy-dependent Na + transport across vacuolar membranes 
depends on the proton gradient generated by these H + pumps (Fig. 14.1). 
Overexpression of the H + -PPase gene AVP1 in Arabidopsis increased cation 
uptake by vacuolar membrane vesicles and enhanced solute accumulation 
and water retention, and the transgenic plants were more salt- and drought- 
tolerant than wild-type plants (Gaxiola et ah, 2001). AVP1 overexpression 
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also resulted in increased cell division by facilitating auxin fluxes, and the 
transgenic plants became bigger with more roots. In addition, the transgenic 
tomato plants showed increased drought tolerance (Gaxiola et ah, 2001; Li 
et ah, 2005; Park et ah, 2005). In Arabidopsis, there exist six endosomal Na + /H + 
antiporters with different localization and expression patterns (Yokoi et ah, 
2002). AtNHXl and AtNHX2 localize to the tonoplast membrane, and their 
gene expression was induced by high salt stress through an ABA-dependent 
pathway (Yokoi et ah, 2002). Expression of AtNHXl, AtNHXl, and AtNHX5 in 
a yeast endosomal / vacuolar Na + /H + antiporter nhxl mutant complemented 
its salt-sensitive phenotype, suggesting that these three genes might func- 
tion in sodium compartmentation into the plant vacuole (Gaxiola et ah, 1999; 
Quintero et ah, 2000; Yokoi et ah, 2002). 

Salinity inhibits the growth of plants, whereas the phytohormone gib- 
berellin (GA) promotes growth by regulating the degradation of DELLA 
proteins that restrain cell proliferation and expansion. Salt stress reduces 
the production of bioactive GAs, and interestingly the growth of quadruple- 
DELLA mutant seedlings lacking GAI, RGA, RGL1, and RGL2 (four of five 
DELLA proteins) is less inhibited by moderate salt stress compared to wild- 
type plants. The study suggests that the DELLA proteins are negative regu- 
lators of plant growth under salt stress. A reduction in GA level under salt 
stress results in more DELLA protein accumulation in the nucleus (Achard 
et ah, 2006). The gal-3 mutants that are deficient in GA biosynthesis or gai 
(GA-insensitive) dominant mutants (Peng et ah, 1997) are more salt-tolerant 
than wild type or the quadruple-DELLA mutant. These results suggest that 
stabilized DELLA proteins enhance plant survival under high salt conditions, 
but inhibit plant growth in moderate saline environments (Achard et ah, 2006) . 



14.4 The transcriptional regulation of cold- and 
drought-inducible genes 

Transcripts of many genes with different functions are induced by various en- 
vironmental stresses. The inducible genes can be divided into several groups 
according to their functions. One group includes genes for signal transduc- 
tion pathways as we have discussed above. The other genes encode effec- 
tor proteins such as LEA proteins, enzymes for osmolyte biosynthesis, and 
detoxification enzymes . Transcription factors regulate the expression of stress- 
inducible genes through direct binding to conserved cz's-elements in the pro- 
moter regions of the inducible genes. These cz's-elements include the ABA 
responsive element (ABRE), the dehydration responsive element (DRE) / C- 
repeat (CRT), MYCRS (MYC recognition sequence) /MYBRS (MYB recogni- 
tion sequence), and other sequences. Earlier studies using yeast one-hybrid 
assays identified several important transcription factors that bind to stress 
responsive cz's-elements (Stockinger et ah, 1997; Liu et ah, 1998; Choi et ah, 
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2000; Uno et al, 2000). CBF/DREB1 (C-repeat-binding factor/DRE binding 
protein 1) and DREB2 are AP2 domain transcription activators that bind to 
the DRE/CRT sequence (Stockinger et al, 1997; Liu et al, 1998), while the basic 
leucine zipper-type ABF (ABRE-binding factors) / AREB (ABA responsive el- 
ement binding protein) transcription factors bind to the ABRE element (Choi 
et al, 2000; Uno et al, 2000). The transcription factors AtMYC2 and AtMYB2 
bind the MYCRS and MYBRS element, respectively (Abe et al, 2003). 

In Arabidop sis, CBFs/DREBls are major regulators of cold stress responsive 
gene expression. There are three cold-inducible CBF/DREB1 genes named 
CBF1/DREB1B, CBF3/DERB1A, and CBF2/DREB1C (Stockinger et al, 1997; 
Liu et al, 1998), and these are also induced by ABA (Knight et al, 2004; 
Chinnusamy et al, 2006a) (Fig. 14.2). Overexpression of CBF1, CBF2, or CBF3 
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Figure 14.2 Transcriptional networks and their regulation under cold stress. Cold stress 
activates the ICE1 and ICEI-like proteins which induce transcription of CBFs and other 
transcription factors. CBF2 negatively regulate the transcription level of CBF1/3, while 
CBF3 regulate the expression level of CBF2. CBFs induce the expression of C2H2 zinc 
finger transcription factors such as ZAT1 2 and ZAT1 0, which in turn either positively or 
negatively regulate the expression of target COR genes. The level of ICE1 protein is 
tagged with ubiquitin for proteolysis under cold stress by RING finger E3 ubiquitin ligase 
HOS1 . MYB1 5 transcriptional regulator negatively regulates the expression of CBFs 
during cold stress. The negative regulators, namely, HOS1 and MYB15, may be necessary 
to maintaining cold responsive transcriptome homeostasis. Line arrow, induction of 
expression; line ending with bar, repression of gene expression. 
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improved the salt, drought, and freezing tolerance of transgenic plants by acti- 
vating the transcription of downstream stress-inducible genes (Jaglo-Ottosen 
et al, 1998; Liu et al, 1998; Vogel et al, 2005). The expression of CBF1 and 
CBF3 appears to be negatively regulated by CBF2 (Novillo et al, 2004). Us- 
ing a CBF3 promoter-luciferase (CBF3-LUC) reporter gene, the icel {inducer of 
CBF expression 1) mutant with impaired expression of CBF3-LUC under cold 
stress was isolated from an ethyl methane sulfonate-mutagenized Arabidopsis 
population (Chinnusamy et al, 2003). Map-based cloning identified ICE1 as a 
MYC-like bHLH protein, which is localized in the nucleus and can recognize 
MYC -binding sequences in the CBF3 promoter. It seems that ICE1 mainly 
regulates the expression of CBF3, but only slightly regulates the expression 
of CBF1 and CBF2 under cold stress. The expression of CBF 3 and its down- 
stream target genes is greatly reduced in the dominant icel mutant, and the 
mutant is hypersensitive to both chilling and freezing stress. On the other 
hand, overexpression of ICE1 increased the freezing tolerance of transgenic 
plants (Chinnusamy et al, 2003; Lee et al, 2005) (Fig. 14.2). Overexpression of 
ICE1 increased the CBF3 transcript level only under cold treatment, but not in 
normal warm conditions, suggesting that ICE1 is regulated at the posttrans- 
lational level (Chinnusamy et al., 2003). Analysis of the CBF promoters also 
identified MYB recognition sequences, and the MYB protein AtMYB15, which 
binds to MYBRS, was identified as a negative regulator of CBF expression. 
The cold upregulated AtMYB15 interacts with ICEl. There is a reduction in 
cold-induced CBF expression in transgenic plants overexpressing AtMYB15 
and increased expression of CBFs in mybl 5 loss-of -function mutants (Agarwal 
et al, 2006). 

In another genetic screen for mutants with altered expression of RD29A- 
LUC, many loci important for stress responsive gene expression were iden- 
tified (Xiong et al., 2002; Zhu, 2002). Among these, HOS1 (high expression 
of osmotically responsive genes) is a negative regulator of cold responses. 
hosl mutation increased the expression of RD29A and other stress-inducible 
genes including CBFs under low temperatures. HOS1 encodes a RING-finger 
protein that has an ubiquitin E3 ligase activity. The protein is localized in 
the cytoplasm at normal conditions but is imported into the nucleus un- 
der low-temperature stress. HOS1 physically interacts with ICEl and medi- 
ates the degradation of ICEl under cold stress through the ubiquitination- 
proteosomal pathway (Dong et ah, 2006a). Recently, a role for sumoylation 
in cold acclimation was found through studies on the Arabidopsis SUMO 
(small ubiquitin-related modifier) E3 ligase SIZ1 (SAP and Mizl) (Miura 
et ah, 2007). Sumoylation is a posttranslational protein modification by which 
SUMO proteins are conjugated to protein substrates by SUMO E3 ligases. 
Desumoylation is the removal of SUMO proteins from their target proteins 
by SUMO proteases. Sumoylation and desumoylation of proteins play a 
crucial role in hormonal, abiotic, and biotic stress responses in plants. The 
SUMO E3 ligase sizl null mutant is impaired in the accumulation of SUMO 
conjugates during cold stress and is hypersensitive to chilling and freezing 
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stresses. The sizl mutant exhibits significant reduction in cold induction of 
CBFs and its target COR genes (COR15A, COR47, and KIN1). Conversely, sizl 
mutation enhances the cold induction of AtMYB15, a negative regulator of 
CBFs. SIZ1 mediates SUMO conjugation to K393 of ICE1 during cold accli- 
mation, and this reduces polyubiquitination of ICE1. A K393R substitution in 
ICE1 [ICE1(K393R)] blocks SIZl-mediated sumoylation. Transgenic Arabidop- 
sis plants overexpressing ICE1 but not ICE1(K393R) exhibit an enhanced cold 
induction of CBFs and enhanced freezing tolerance, and ICE1(K393R) overex- 
pressing transgenic plants exhibit a moderate increase in MYB15 expression 
under cold stress. These results show that SIZl-mediated sumoylation pos- 
itively regulates ICE1 stability and activity to fine-tune the transcription of 
COR genes during cold acclimation (Miura et al, 2007). 

Besides the CBF regulon, there also exist CBF-independent regulons and 
pathways for plant cold acclimation (Fig. 14.2). HOS9 encodes a home- 
odomain transcription factor (Zhu et al, 2004). A lesion in HOS9 increased 
the expression of RD29A and some other stress-inducible genes independent 
of CBFs (Zhu et al, 2004). HOS10 encodes a R2R3-type MYB transcription 
factor that is localized in the nucleus (Zhu et al, 2005). The hoslO mutation 
impairs cold acclimation and the mutant plants are hypersensitive to freez- 
ing temperatures as well as to NaCl. The induction of NCED3 by dehydration 
and ABA accumulation are reduced by this mutation (Zhu et al., 2005). The 
Arabidopsis eskimol (eskl) mutants accumulate high levels of proline and are 
constitutively freezing-tolerant, but the expression of cold-regulated genes 
with the DRE/CRT czs-element is not affected in the mutants, suggesting that 
ESK1 -mediated freezing tolerance pathway is distinct from the CBF pathway 
(Xin and Browse, 1998). ESK1 encodes a DUF (domain of unknown function) 
231 protein. Microarray analysis identified 312 genes with altered expression 
in eskl mutant, of which only 12 genes are commonly upregulated in eskl mu- 
tants and CBF2 overexpressing Arabidopsis plants. These results suggest that 
freezing tolerance imparted by the recessive eskl mutation is distinct from 
that of ICE1-CBF pathway (Xin et al., 2007). The sfr6 (sensitivity to freezing) 
mutation reduces the expression of genes such as K1N1, COR15A, and RD29A 
that carry the CRT/DRE element, but the mutation does not affect the ex- 
pression of CBFs (Knight et al, 1999; Boyce et al, 2003). Thus, SFR6 may be 
required for CBF function under cold stress. 

Although the expression of DREB2A and DREB2B is induced by drought 
and salt stress, transgenic plants overexpressing these two genes did not show 
improved stress tolerance, indicating that posttranscriptional modifications 
might be required for their activities (Liu et al, 1998). Domain deletion analy- 
sis indicated that DREB2A contains both activation and inhibitory domains. 
Overexpression of a constitutively active DREB2A (DREB2A CA) increased 
drought tolerance in transgenic Arabidopsis plants (Sakuma et al., 2006b). Inter- 
estingly, the upregulated genes in plants overexpressing DREB2A CA include 
both dehydration responsive genes and heat shock-related genes (Sakuma 
et al, 2006a). The expression of DREB2A is also rapidly induced by heat shock. 
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DREB2A knockout mutants are hypersensitive to heat stress, whereas trans- 
genic plants overexpressing DREB2A CA showed increased thermotolerance 
(Sakuma et al, 2006a). These results suggest that DREB2A mediates the cross 
talk between drought and heat stress. 

The expression of ABF1,ABF2/AREB1, ABF3, and ABF4/AREB2 is induced 
by ABA (Choi et al ., 2000; Uno et al, 2000). Constitutive overexpression of ABF3 
and ABF4 enhanced the ABA sensitivity of seed germination and seedling 
growth, and the transgenic Arabidopsis plants had reduced transpiration and 
were more drought-tolerant than wild-type plants (Kang et al., 2002). How- 
ever, the constitutive overexpression of full-length ABF2/AREB1 did not in- 
duce the downstream genes. Like DREB2A, ABF2/AREB1 may also require 
posttranslational modifications for its activity. Indeed, an ABA-activated 42- 
kDa kinase is found to phosphorylate and activate AREB1 upon exogenous 
ABA application. Transgenic plants overexpressing an active form of AREB1 
containing substitution of the phosphoryla table Ser/Thr residues to Asp in- 
duced the expression of many ABA responsive genes even without ABA 
treatment (Furihata et al, 2006). 

Recently, other transcriptional factors were identified, which bind to non- 
ABRE/DRE czs-elements in promoters of ABA responsive genes (Soderman 
et al, 1999; Himmelbachef al, 2002; Fujita et al, 2004; Uxetal, 2007). ATHB6 is a 
negative regulator, which physically interacts with ABI1 and acts downstream 
of ABI1 in the ABA pathway. ATHB6 recognizes a czs-element with a core motif 
of CAATTATTA and mediates the expression of ATHB6- and ABA-dependent 
genes (Himmelbach et al, 2002). AtERF7, an APETALA2/EREBP-type tran- 
scription factor, binds to the GCC box to repress the expression of target genes. 
AtERF7 interacts with and may be regulated by the protein kinase PKS3, a 
global regulator of ABA response. The transcriptional repression activity of 
AtERF7 is enhanced through interaction with AtSin3, the Arabidopsis homolog 
of a human global corepressor of transcription, which in turn may interact 
with HDA19, a histone deacetylase. Consistent with the transcriptional re- 
pression activity, overexpression of AtERFJ in Arabidopsis reduced the sen- 
sitivity of guard cells to ABA, whereas reducing the expression of AtERF7 
and AtSin3 in RNAi lines increased the sensitivity to ABA during seed ger- 
mination (Song et al, 2005). These results suggest that histone modifications 
and chromatin remodeling are involved in ABA-regulated gene expression, 
which is further supported by the finding that AtHD2C, a histone deacety- 
lase, functions in ABA response (Sridha and Wu, 2006). AtHD2C expression is 
constitutive but is downregulated by ABA. Transgenic plants overexpressing 
AtHD2C displayed reduced transpiration and enhanced tolerance to salt and 
drought stresses. 

14.5 Oxidative stress management 

Reactive oxygen species (ROS), namely superoxide radicals (O2 ~), hydro- 
gen peroxide (H2O2), and hydroxyl radicals (OH ), are produced in aerobic 
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cellular processes and the production/accumulation of these radicals reaches 
toxic levels in cells under various abiotic stresses (see Chapter 7). Since ROS 
causes oxidative damage to membrane lipids, proteins, and nucleic acids, 
ROS detoxification is a crucial defense against abiotic stresses. Plants employ 
antioxidant metabolites and enzymes to detoxify ROS. 

Osmotic stresses, extreme temperatures, and ABA induce enhanced accu- 
mulation of ROS, such as H2O2. ROS may be perceived by cells through 
oxidation of proteins. In plants, redox-sensitive receptor-like kinases and 
two-component histidine kinases may act as potential sensors of ROS 
(Vranova et al., 2002). These sensory kinases likely activate a mitogen- 
activated protein kinase (MAPK) module that regulates ROS management 
(see Chapter 4). The AtMEKKl/ANPl (=MAPKKK)-AtMEKl / AtMKK2 
(=MAPKK)-AtMPK3/6 (=MAPK) cascade may transduce ROS signals in 
Arabidopsis (Kovtun et al, 2000; Chinnusamy et al, 2004; Teige et al, 2004). 
Transgenic tobacco or maize plants overexpressing a constitutively active 
tobacco NPK1 (ortholog of ANP1) showed enhanced tolerance to drought 
and other abiotic stresses through induction of some stress responsive genes 
(Kovtun et al, 2000; Shou et al, 2004a,b). In rice, OsMAPK5 expression and 
its kinase activity is induced by ABA, biotic, and abiotic stresses including 
salt, drought, wounding, and cold. Transgenic overexpression of OsMAPK5 in 
rice increased tolerance to several abiotic stresses, including drought stress, 
probably by enhancing ROS detoxification (Xiong and Yang, 2003). These 
observations suggest that ROS signaling under various abiotic stresses may 
converge at MAPK cascades. 

14.6 Posttranscriptionl regulation of gene expression 

Besides transcriptional regulation, gene expression can also be regulated at 
RNA levels during transcript elongation, splicing, maturation, export, trans- 
lation, and degradation. 

14.6.1 mRNA metabolism under abiotic stresses 

Genetic screening for drought response mutants identified abol (ABA overly 
sensitive 1), which showed a drought resistance phenotype when grown 
in soil (Chen et ah, 2006). abol mutations enhance ABA sensitivity in both 
stomatal closing and inhibition of seedling growth. The expression of some 
drought- or ABA-inducible genes is reduced to a lower level comparable to 
that of wild-type plants. Map-based cloning revealed ABOl as the largest sub- 
unit of the holo-Elongator, which is highly conserved from yeast to animals 
and plays critical roles in assisting transcriptional elongation, secretion, and 
tRNA modification (Chen et al., 2006). The stal-1 (stabilizedl-1) mutation in 
Arabidopsis increases the stability of normally unstable luciferase transgene 
transcript and some endogenous gene transcripts. STA1 encodes a nuclear 
protein similar to the human U5 snRNP-associated 102-kDa protein and the 
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yeast pre-mRNA splicing factors Prplp and Prp6p. The expression of STA1 
is induced by cold stress, and the splicing of cold-induced COR15A gene was 
impaired in stal-1 mutant, stal-1 mutant is more sensitive to ABA inhibition 
of germination and chilling stress. These results suggest that the pre-mRNA 
splicing factor STA1 is required for both splicing and the turnover of unstable 
transcripts under abiotic stresses (Lee et al., 2006a). 

ABH1 (ABA hypersensitive 1) encodes the CBP80 subunit of the dimeric 
mRNA cap-binding complex (CBC), which binds to the 7-methylated cap 
structure of mRNA, and plays important roles in mRNA processing. Plants 
with lesions in ABH1 display increased ABA sensitivity for seed germina- 
tion, seedling growth, and stomatal closing, abhl mutants transpire less and 
are more drought-tolerant than wild-type plants (Hugouvieux et al., 2001). 
Plants with mutations in another subunit (CBP20) of CBC show similar 
drought-resistant phenotypes as abhl (Papp et al., 2004). The Arabidopsis sadl 
(supersensitive to ABA and drought) mutation increases the expression of 
RD29A-LUC reporter gene and other stress responsive genes under ABA or 
hyperosmotic stress treatment (Xiong et al., 2001a), and enhances ABA and 
osmotic stress sensitivity of seed germination and vegetative growth. Inter- 
estingly, sadl mutation also impairs drought-induced ABA accumulation by 
blocking the positive feedback regulation of ABA biosynthesis. Although 
stomatal closing in sadl is hypersensitive to ABA, sadl plants are hypersensi- 
tive to drought stress due to the defective ABA biosynthesis. SAD1 encodes a 
protein similar to multifunctional Sm-like snRNP proteins, which are known 
to participate in RN A metabolism including splicing, export, and degradation 
(Xiong et al, 2001a). 

14.6.2 mRNA export 

Import of signaling proteins into the nucleus and the export of mRNAs and 
small RNAs to the cytoplasm through the nuclear pore complex of the nu- 
clear envelop plays a pivotal role in gene regulation in eukaryotes. Export- 
competent mRNP consists of mRNA cargo and nucleocytoplasmic shuttling 
nuclear proteins such as the RNA export factors, DEAD-box protein 5 and 
nucleoporins (Cole and Scarcelli, 2006). The los4-l (for low expression of os- 
motically responsive genes) mutation reduces or delays the expression of CBF 
genes and their downstream target genes. los4-l mutant plants are hypersensi- 
tive to chilling especially in the dark. Overexpression of CBF3 in los4-l mutant 
plants reverses the chilling sensitivity (Gong et al., 2002). The cryophyte mu- 
tant (los4-2) is allelic to los4-l. Interestingly, in contrast to los4-l, los4-2 mutant 
plants show enhanced cold induction of CBF2 and more chilling and freezing 
tolerance than the wild-type Arabidopsis. LOS4 encodes a DEAD box RNA 
helicase essential for mRNA export in plant cells. mRNA export from the 
nucleus is blocked in the cryophyte/los4-2 mutant only at warm temperatures, 
while the los4-l mutation weakens mRNA export at both cold and warm 
temperatures (Gong et al, 2002, 2005). 
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Nuclear pore complexes are made up of several proteins collectively called 
nucleoporins (NUPs). Molecular analysis of a NUP from Arabidopsis, At- 
NUP160, revealed that NUPs regulating mRNA export play a critical role 
in cold acclimation. In atnupl60-l mutant, poly(A) mRNA export is dramati- 
cally reduced under cold stress. This results in impairment of cold induction 
of CBFs and hypersensitivity to chilling and freezing stresses. These results 
suggest that mRNA export under cold stress is critical for chilling and freez- 
ing tolerance (Dong et ah, 2006b). Protein nuclear transport is also involved in 
abiotic stress responses (Verslues et ah, 2006). SAD2 encodes an importin beta 
family protein, which might function in the nuclear transport of proteins. The 
expression of some stress-inducible genes was higher in sadl-l mutant than 
in the wild type, and sadl-l mutant exhibits ABA hypersensitivity in seed 
germination and seedling growth. The results thus suggest a role for protein 
nuclear transport in ABA signaling (Verslues et ah, 2006). 

14.6.3 Small RNAs 

Posttranscriptionl regulation by noncoding RNAs, namely, micro-RNAs 
(miRNAs) and short interfering RNAs (siRNAs), plays a crucial role in abiotic 
stress responsive gene expression (Borsani et ah, 2005; Mallory and Vaucheret, 
2006). miRNAs are single-stranded noncoding RNAs of ~20-24 nucleotides 
(nt) in length. miRNAs are produced by DICER-like (ribonuclease Ill-like) 
enzymes from imperfect hairpin RNAs, which originate from longer pri- 
miRNAs transcribed from MIR genes. siRNAs are double-stranded 21-26-nt 
small RNAs derived from long double-stranded RNAs. miRNAs and siRNAs 
regulate gene expression through mRNA cleavage, translation repression, or 
chromatin remodeling (Borsani et ah, 2005; Mallory and Vaucheret, 2006). Un- 
der abiotic stresses, stress-upregulated small RNAs may downregulate their 
target genes, which are likely negative regulators of stress tolerance, while 
stress-downregulated small RNAs may result in accumulation of their target 
gene mRNAs, which may positively regulate stress tolerance. 

Screening of small RNAs from plants treated with various stresses led to 
the identification of several miRNA and siRNAs that are regulated by cold, 
salt, or drought stress (Sunkar and Zhu, 2004). These small RNAs play im- 
portant roles in regulating their target gene expression under different envi- 
ronmental conditions (Sunkar and Zhu, 2004). In Arabidopsis, some antisense 
overlapping gene pairs generate a new type of siRNAs called nat-siRNAs. 
The founding member of nat-siRNAs is derived from a c/s-NAT gene pair of 
SR05 (a stress-inducible gene encoding a RCDl-like protein) and P5CDH ( A 1 - 
pyrroline-5-carboxylate dehydrogenase). Studies on this nat-siRNA demon- 
strated a crucial role of nat-siRNAs in osmoprotection and oxidative stress 
management under salt stress in Arabidopsis. Salt stress-induced SR05 mRNA 
and the P5CDH mRNA produce a dsRNA, which is processed by an siRNA 
biogenesis pathway to produce a 24-nt SR05-P5CDH nat-siRNA. The 24-nt 
nat-siRNA guides the cleavage of the P5CDH transcript to further produce 
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21-nt SR05-P5CDH nat-siRNAs. The induction of SR05 is required to initi- 
ate the production of the nat-siRNAs, which direct the cleavage of P5CDH 
transcripts to allow proline accumulation. The SR05 protein is also required 
to manage ROS under salt stress (Borsani et ah, 2005). 

Oxidative stress is a common secondary stress induced in cells by various 
abiotic stresses. Superoxide dismutases (SODs) form the first line of defense 
against oxidative stress as it rapidly converts superoxide to hydrogen per- 
oxide (H2O2) and molecular oxygen. Overexpression of SODs in transgenic 
plants was shown to result in enhanced stress tolerance (Alscher et ah, 2002). 
Recently a role for miRNAs in defense against oxidative stress was found in 
Arabidopsis. Oxidative stress downregulates miR398, which targets the tran- 
scripts of two Cu-Zn SOD genes namely CSD1 (a cytosolic SOD) and CSD2 (a 
chloroplastic SOD) (Sunkar and Zhu, 2004; Sunkar et ah, 2006). The expression 
patterns of miR398 and its target genes show an inverse correlation in various 
developmental stages and oxidative stress conditions. A transient coexpres- 
sion assay with miR398 with its target genes in Nicotiana showed that miR398 
directs the degradation of CSD1 and CSD2 mRNAs in vivo. Furthermore, 
the role of miR398 was examined in transgenic Arabidopsis overexpressing 
the normal CSD2 gene or an miR398-resistant form of CSD2 gene, mCSD2 
(miR398 target site mutated without modifying amino acid sequence). The 
mCSD2 transgenic plants showed highest CSD2 mRNA levels and oxidative 
stress tolerance as compared with CSD2 transgenics and wild-type plants 
(Sunkar et al, 2006). 

14.7 Future perspectives 

Although substantial progress has been made in our understanding of abi- 
otic stress signaling and tolerance mechanisms, the picture of stress signaling 
network is still quite incomplete. The isolation of the stress-related ABA recep- 
tor ABAR will be helpful in future investigation of ABA signal transduction. 
Forward and reverse genetic studies using the model plants Arabidopsis and 
rice continue to be critical for identifying unknown signaling components. 
Searching for superior alleles of key stress tolerance determinants such as 
SOS1 from naturally stress-tolerant plants will be very useful for engineering 
stress hardier crops. With more and more stress-relevant genes cloned, the big 
challenge for molecular biologists and crop breeders is how to sort out the 
more important genes and combine them in transgenic plants or use marker- 
assisted breeding to improve crop production under stress conditions. Small 
RNA studies will shed more light on the molecular mechanisms of stress reg- 
ulation. Overexpression of miRNA-resistant target genes will help overcome 
posttranscriptional gene silencing, and thus may lead to better expression of 
engineered trait in transgenic plants. Understanding the roles of small RNAs 
and chromatin regulation in transcriptome homeostasis, cellular tolerance, 
phenological and developmental plasticity of plants under abiotic stress, and 
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recovery will be important for effective genetic engineering of high-level abi- 
otic stress resistance in crop plants. 
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138-9, 150-51, 154, 156-7, 159-60, 167, 
182, 185, 195, 200, 229, 234, 237, 
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HKT1, 396-7, 407, 413 
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139, 189-90, 192-4, 196, 198, 311-13, 
322, 364, 372, 375-6, 378-81, 402-3, 
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HY5, 286-8, 294, 299, 302, 332, color 
plate p. 10 

Hyperosmotic stress, 112, 129, 178, 210, 
217, 240, 404 
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inositol phosphates, 213, 216-17, 233, 
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224-5, 227 
Inositol polyphosphate (IPP) 
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Interactor of constitutively active ROPs 
1 (ICR1), 72-4, 77 
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JA (Jasmonic acid), 48-9, 111, 116-18, 
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JA biosynthesis, 116-17 
JA signaling, 116-18 
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K+ channel(s), 43-4, 46-7, 57, 60, 62, 185, 

216, 365-6, 371, 374, 380, 382, 386 
KEULE, 346, 352, 360 
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14-17, 20-21, 23-9, 70, 78, 89, 93, 96, 

123, 147-8, 283, 395, 412 
LHCII, 312 

Ligand(s), vii, xvii, 1-2, 4, 6-10, 12, 
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Light stress, 194-5, 199, 310, 330, 332 
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Lipid, ix, 32, 44, 46, 56, 61, 62, 70, 79, 85, 
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209-25, 227, 229, 231-3, 235-7, 238-9, 
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MEK(s), 100-101 
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Microsporogenesis, 8 

Microtubule(s) (MT(s)), ix, 62, 70, 73-4, 
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Microtubule-associated protein(s) 

(MAP(s)), 255, 258, 270, 340-41, 350 
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Microtubule cytoskeleton, ix, 253, 257, 
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Microtubule dynamics, 253, 260, 350 
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Mitogen-activated protein kinase(s), 
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NADPH oxidase, 72-3, 77-9, 91-2, 94, 
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NAP125, 99, 245, 247, 264 

Na+ transporter, 397 
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Negative feedback, 83, 117, 312, 412, 
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Neurotransmitters, 31 
NFk-B, 138 
NFR, 146-8 
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NFR5, 147-8 
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Organelle-to-organelle communication, 

x, 325 

Organ primordial, 5, 29 
OsCCRl, 79 

Oscillation, viii, 69, 138-40, 145-6, 
150-59, 161, 167-8, 173, 181-3, 214, 
241, 286, 293, 367-78, 380, 384, 386 
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OsMT2, 78-9 

OsRACl, 51, 59, 66-7, 78-82, 89, 95, 98 
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PAMPs. See Pathogen-associated 
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1, 7, 11-12, 89, 110, 116, 377 
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Phosphatidic acid (PA, PtdOH), 46-7, 

196-7, 204, 207-10, 217-23, 237, 239, 

242, 365, 394 
Phosphatidylcholine (PtdCho), 202, 218, 

237, 239-40 
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218 
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203, 205-6, 210-11, 215-17, 223, 232-6, 
238-40, 242-3, 250, 265-6, 386, 394, 
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155, 196, 203-5, 211-13, 218, 223, 236, 
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Phospholipids, xvi, 31, 83, 203, 212, 
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Phosphoproteomic, 125 
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88, 101-3, 105, 110-11, 115-16, 120, 
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177, 183-4, 187, 205-6, 209-10, 222-3, 
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Photons, 31 
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375-6 

Photosynthesis, 192, 197, 237, 308-10, 
314, 316-18, 326, 330, 332-3, 363, 
373-5, 389 

Photosynthetic genes, 310, 314, 323-4 
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Photosystem II (PSII), 310, 312, 333, 392, 

color plate p. 7 
PHOTOTROPINS (PHOT1, PHOT2), 

264, 375-7, 381-2 
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PI3K(s), 204, 210 
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PIN2, 76 

PIPK(s), 73-4, 204-12, 215, 238 
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36, 44, 55, 57-9, 62, 65, 93, 124, 141-2, 
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Plastid(s), vi, ix, 38, 49, 58, 142, 146-7, 
157, 219, 307-11, 313-14, 316-18, 
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Plastid signals, 308-10, 318, 323^, 334 
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PLDal, 37-8, 46-7, 54, 371, color plate 
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PLD£,221 
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Polar auxin transport, 76, 95, 119 

Polarized cell growth, 68, 355 

Pollen, 3, 8, 13, 20, 21, 25-6, 28, 35, 68-70, 
72-4, 84-7, 92-5, 108, 123-4, 128, 137, 
140, 142, 156-9, 167-8, 183^, 188, 
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263-5, 267-8, 270-71, 289, 304, 339 
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Pollen germination, 68, 92, 159, 250, 265 
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Pollen tube elongation, 3, 21, 68, 95, 167 

Pollen tube growth, 8, 13, 28, 68-9, 84, 
86-7, 94, 142, 157, 167-8, 184, 188, 212, 
214, 234, 237, 249, 268 

Pollen tube(s), 3, 8, 13, 20-21, 25, 28, 
68-70, 72-4, 84-7, 92-5, 137, 140, 142, 
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234-7, 243, 245, 249, 251-2, 256, 264, 
267-8 
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Powdery mildew fungus, 96-70 

PP2A, 255, 257 

PP2C, 46, 104, 179, 221-3, 255, 370, 373, 
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Prenylation, 32, 45, 66-7, 87, 95, 98, 

171-2, 182-3, 186, 372 
Profilin, 249-52, 263, 266-9 
PR gene, 51, 80-81, 89 
Programmed cell death (PCD), 96, 129, 

198, 228-9, 231, 233, 235, 238, 242, 326, 

335 
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exchanger), 21, 84, 89, color plate p. 3 

Propyzamide-hypersensitive 1-1 (phsl-1), 
258 

Prosy stemin, 12 

Proteasome, ix, 118, 187, 273-5, 277-81, 
283, 285, 287, 289, 291, 293-306, color 
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28-9, 57, 59, 81, 89, 93, 95, 100, 103, 105, 
107, 111, 113, 115-17, 119, 121, 123, 125, 
127-36, 140, 143^, 146-7, 153, 157-9, 
163-5, 168, 175, 182-8, 196-7, 199-200, 
203, 222-3, 225, 232, 235, 238-9, 251, 
255-6, 261, 263-4, 266-8, 270-71, 277, 
312, 336, 340, 347, 349, 352-60, 364, 
366, 370-75, 379, 382, 384, 388, 395, 
397, 402-3, 409-12, 414, 416-17 

Protein phosphatase(s), 104, 129, 132, 
174-5, 179, 182, 185, 221-3, 231, 237, 
257, 265, 267, 272, 341, 357, 364, 366, 
370, 373, 382-5, 387, 393, 409, 411-13 

Protein-protein interaction, 181 

Proteomic, vi, xvi, 82, 93, 125, 129, 141, 
160-61, 357, 363 

Protochlorophyllide (Pchlide), 313 

Protozoa, 31, 60 

Pseudomonas syringae pv. maculicola, 80 
PSK, 8, 9-11, 15-16, 29 
PSKR, 8, 11, 15-16 



PtdIns4P, 204-6, 210, 212 

PtdIns4P 5-kinase (PIPK), 73^, 204-12, 

215, 238 
PtdlnsP, 204-18, 220, 222 
PtdInsP 2 , 205-18, 220, 222 
Pto, 80, 129, 133 
P-type ATPase(s), 142, 154 

Rab, 210-12, 240 
Race-specific resistance, 3, 13 
RACK1A, 54 
Raf-like kinase, 104 
RALF, 7-8, 26 
Ran, 65 

Ras, 32-4, 64-8, 86, 89, 92-3, 97-9, 132, 
252, 264, 336 

RCD1, 396, 405, 410 

Reactive oxygen species (ROS), 51-2, 
72-3, 79-83, 86, 89, 92, 94, 96, 98, 108, 
111-13, 120, 131, 133, 136, 143, 156, 
179-80, 183, 189-201, 221, 229, 307, 
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368, 372, 379, 383-4, 402-3, 406, color 
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Receptor, xi, xvi, xvii, 1-9, 11-17, 19-33, 
36-7, 50, 52-3, 55-63, 65, 70, 76, 84-85, 
88-9, 91, 93-6, 98-100, 110, 113, 115, 
118, 121, 123^, 126-8, 130, 134, 138, 
141, 146-8, 150-51, 154, 156-61, 168, 
190-91, 195-6, 216, 221, 230, 235, 238, 
240, 243, 255, 269, 288-9, 296, 300, 310, 
322, 328, 331, 364, 365-6, 369, 371, 373, 
375, 377-8, 380-81, 384-6, 388 

Receptor activation, vii, 2, 16-17, 21, 243 

Receptor heterodimer, 9, 19-20 

Receptor-like kinase(s), vii, xvii, 1-8, 
10-12, 14-15, 17, 20-21, 24-8, 59, 70, 
78, 84-5, 88-9, 93, 96, 98, 147-8, 154, 
160, 162, 168, 255, 405, color plate p. 3 

Receptor-like protein(s), 2, 24-5, 27-8, 
328, 366 

Redox status, 311 

Regulator of G protein signaling 
proteins, 56 

Retinoblastoma (RB), 292, 338, 352, 357-8 

RGA (repressor of gal-3), 290, 303 

RGA1, 35-6, 45, 61 

RGB1, 36 

R-gene, 28, 78, 80, 89, 110 
RGG1, 36 
RGG2, 36 
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RGL1 (RGA-like 1), 290, 398 

RGS, 30-34, 36-8, 43, 47, 49, 51-6, color 

plates pp. 1-2 
RHD2, 72-3 

Rhizobium, 137-8, 155-6, 159, 168, 183 
RhoGEF(s), 20-22, 27, 83, 89, 91, color 
plate p. 3 

Rho GTPase, xvi, 24, 64-8, 71-2, 85-6, 89, 

91-3, 95, 97, 263, 395 
RHOH, respiratory burst oxidase 

homolog, 193 
RIC(s), 72, 140 
RIC1, 71, 73, 74, 254-5 
RIC3, 73 
RIC4, 70-75 
ric4-l, 72 

RING/U-box family, 282 
RLCKs, 2. See also Receptor-like 

cytoplasmic kinases 
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